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Proposed schemes for cancelling rain-induced crosstalk in 
dual -polarised conumini cations systems depend upon the phase relation- 
ships between the wanted and unwanted signals. This report investi- 
gates the phase relationship of the rain-generated crosspolari-ed 
signal relative to the copolarised signal. Thwretical results 
obtained from a commonly accepted propagation model are presented. 
Experimental data fi'om the Communications Technology Satellite 
beacdn and from the Comstar beacon are presented and the correlation 
between theory and data is discussed. 

' An ine.xpensive senn -adaptive cancellation system is proposed 
and its performance expectations are presented. The implications of 
phase variations on a cancellation system are also discussed; 
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CHAPTER 1 


INTRODUCTION 
1.1 Purpose of Thesis 

Overcrowding of the radio frequency spectrum is forcing users to 
consider operating at higher and higher frequencies and to investi- 
gate the practicality of orthogonal polarization frequency reuse [1]. 

t ■ ‘ 

1 

ijowever, this combination of higher frequencies and dual polariza- 
tions poses certain problems. Atmospheric effects, principally 

i 

rain, depolarize the transmitted wave. This depolarization results in 

i 

a crosspolarized signal component which creates undesired crosstalk 
between otherwise independent channels. 

! The phase of this crosspolarized signal is probably the most 

i 

difficult rain propagation effect to measure. In general, theoretical 
pr|edictions of phase are either absent from the literature, or they 
are presented as a byproduct of an attenuation-isolation model. 
Theoretical phase predictions are often suspect for these reasons. 

‘ This thesis investigates the crosspolarized signal phase in i 
detail. This investigation was motivated by several factors. First,' 
the phase has implications in the theoretical modelling of rain 
propagation. It is a particularly sensitive function of certain 
properties of a rain-filled medium and its measurement aids in the 
determination of these properties. In addition, phase can have a 
direct bearing on communications system performance. To illustrate 
the system implications consider a cancellation system (or a cross* 


coupling system as It is often called) which injects a signal from 
channel A of a dual -polarized receiver into channel B of the receiver. 
If the injected signal has the correct amplitude and phase the 
result is a cancellation of the crosstalk in channel B. A signal from 

channel B is similarly injected into channel A. The phase of the 

i , 

cancellation signal must be 180® different from that of the inter- 
fering signal. It is therefore necessary to know something about the 
characteristics of the crosspolarized signal phase in order to 
implement a cancellation network. 

The questions to be answered by this these are: (1) what can 

be learned of the rain propagation medium from phase measurements; 

(2) how will phase variations affect a cancellation system; and 

(3) is there a particular set of conditions that will enhance the 
operation of a cancellation system? In the work to follow a brief 
section of definitions is followed by the development of a mathemat- 
ical model to predict the phase. This chapter, 2 , will also present 
several phase predictions for different frequencies and polarizations. 
Chapter 3 describes the VPI&SU Satellite Communications experiment 
with emphasis on the hardware and software related to the measure- 
ment of phase. Presented in Chapter 4 are experimental data for a 
wide range of propagation events at 11.7 GHz and 28.56 GHz along with a 
discussion of the correlation between data and theory. Explanations 
for observed differences are proposed and substantiated. Chapter 5 
addresses the cancellation system and its performance in a real 
communications link. An inexpensive cancellation device suitable for 


^ 


the small earth terminal will be proposed as a conclusion to this 
thesis. 


1.2 Definition of Phase 


Phase is defined as "the fraction of a complete cycle elapsed as 
measured from a specific reference point" [2]. In this thesis the 
phjise of concern is that of the crosspolarized wave and the reference 
pOjint is defined as the beginning of a cycle of the copolarized wave. 

I 

Th^ copolarized wave is the wave of the desired polarization and 

I 

the crosspolarized wave is the undesired rain-induced wave. These 
definitions are equivalent to stating that the relative phase of the 
crosspolarized wave with respect to the copolarized wave is to be 
measured. As in most electrical engineering work the phase will 
be expressed as an angle in degrees. 

Electromagnetic waves and their corresponding waveguide fields 
and circuit voltages may be e.xpressed as sinusoids in the general 


Vi(t) * Vm sin(iut t i) (1 

where * is the phase angle relative to the sinusoid 

v^( t) “ Vm sin(wt) (J 

and Vm is a positive number. 

The angle reprosents the amount by which Vj(t) leads Vg(t), 
This is illustrated in Figure 1-1 where 's(t) and v.,( t) are plotted. 
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H6re is the angle by which (broken line) is shifted to the left 
of Vg* Corresponding points of v^(t) = Vm sin((dt + (j>) occur <^/u> 
seconds earlier than V2(t) - Vm sin((i>t). 

Similarly if 

Vjft) = Vm sin(<dt + (3) 

and 

v^(t) = Vm sin((*jt + 4>4) (4) 

Vj leads by where is assumed to be the reference sinu- 

soid. If lags V4 then the sign of " '<*4 is negative which 
indicates this condition. 

The copolarized wave is the reference sinusoid and is analogous 
to V4(t) = Vm sin({i)t + The crosspolarized wave is analogous to 

VjCt) = Vm sin(u)t + The phase of the crosspolarized wave 

referenced to the copolarized wave is then 

Expressed mathematically, 

<j»co = P^*ase{V4(t)} * PhaseTVm sin(wt + <j»4)} = ^4 (5) 

and 

•^cross ■ P*’ase{V3(t)} = Phase{Vm sin(u»t + ^3)} = (6) 


and the relative phase is 



( 7 ) 


: *3 ■ *4 

» Phase{Vm sin(u)t + <^ 3 )} - Phase{Vm sin(wt + (|>^)} 

'^’cross " "^co * 

Therefore the relative phase is defined as 
^ " ‘*’cross ” *^co * 

With this definition of relative phase a retardation of the cross- 
polarized signal phase results in a negative change in a and an 
advance in the crosspolarized signal phase causes a positive change in 
a. 

The phase of the crosspolarized wave with respect to the 
copolarized wave. A, will henceforth be termed the crosspolarized 
phase or simply the phase . 

1.3 The Phase of a Circularly Polarized Wave 

1 

In dealing with linearly polarized waves, linearly polarized 
fields in a waveguide, or circuit voltages, the phase is completely 
$pecified as in the discussion above. The electric (and magnetic) 
field vectors of a linearly polarized wave oscillate in amplitude at 
the radian frequency of the wave. However, the field vectors of a 
Circularly polarized wave are constant in amplitude and this leads to 
an ambiguity in the meaning of phase. Several definitions have been 
proposed for the phase of a circularly polarized wave [3]. The 
definition to be used here requires a reference direction in space 


nH^ 




to be established. Figure 1-2 illustrates a right-hand circularly 
polarized (RHCP) wave in space with the E-vector rotating in the x-y 

i 

plane. Also shown is a left-hand circularly polarized (LHCP) wave. 

A reference direction in the x-y plane is established along the 
positive x-axis and the phase of the wave is measured by the angle 
through which the E-vector has rotated beyond this reference 
direction. The sense of the positive anglo or the RHCP wave and the 
LHCP wave is opposite. The phase difference between the two waves 
remains constant as the vectors rotate in their respective directions 
If a new reference direction were chosen or if two different 
reference directions were chosen for the two waves a constant value 
is added to the relative phase. In the studies to follow only 
changes in the relative phase and the correlation between these 
changes and weather phenomena are important. Many constant tenns 
appear; for example, differences in the waveguide structure of a 
practical receiver introduce a constant term. Therefore the choice 
of reference directions is completely arbitrary. 

1.4 Differential Phase Shift 

The term differential phase shift, or the more concise tenn 
differential phase, will be used throughout this thesis. Differen- 
tiaT phase (and differential attenuation) refer to the difference in 

t 

propagation constants for a wave polarized in a direction parallel 
to the major axes of an ensemble of raindrops and a wave polarized 
parallel to the minor axes of the ?*aindrops. The propagation 






difference exists because most raindrops are elongated in an 
approximately horizontal direction. 

Differential phase and crosspolarized phase are different 
quantities. A relationship between the two is developed in the next 
chapter. The differential phase will henceforth be referred to by 
Its complete name. 







CHAPTER 2 

A MATHEMATICAL MODEL FOR PHASE 


2.1 Review of the Rain Medium Propagation Properties 


In this section expressions are developed which relate cross- 
polarized phase directly to the properties of a rain-filled propaga- 
tion medium. These new expressions were developed In order to 
pi’ovide simple equations from which the effects of the medium are 
readily apparent. These equations lead in turn to relatively 
straightforward computer routines for predicting phase behavior. 

The properties of a rain-filled medium which are of concern are 
path length, canting angle of the raindrops, differential attenuation 
and differential phase. For convenience all raindrops in the medium 
ore assumed to have the same canting angle o. This assumption, 

»/hi1e not Ideal, is realistic and is necessary to the development of 
simple equations for phase. The assumption of equal canting angles 
for all drops is equivalent to defining an effective canting angle 
for the medium- It has been stated that by defining an effective 
canting angle the cancelling effects of drops canted positive fi'om 
the effective angle and those canted negative from the effective 
angle are approximated [1]. 

A rain-filled propagation medium is shown in Figure 2-1 with 
an x-y coordinate system along the horizontal and vertical 
directions. One raindrop is shown in order to define a 1-2 coordi- 
nate system which Is rotated front the x-y coordinate system by the 

- 10 - 
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defined as properties of the medium and are related to the propagation 


of two waves, one polarized in the 1 -direction and the other in the 



2 -direction. 

A wave which is polarized in the direction of the 1-axis 
experiences an attenuation of and a phase delay of upon 
propagation through one kilometer of the rain medium. A wave polar- 
ized in the direction or the 2-axis experiences an attenuation and 
phase delay of a 2 and respectively. Differential attenuation is 
defined as 

Cl = «i - 012 

and differential phase Is defined as 


6 ~ S-j - ^2 


( 10 ) 


The differential quantities ci and 5 are properties of the total 
rain-filled medium. They are related to the scattering properties of 
the individual I'aindrops by [4] 



- 13 

A = wavelength in cm 

n(i) ® density of drops with equivolumic radius ? 

2 ® complex scattering functions 

and where the summation is performed over all drops in the medium. 

The scattering functions S-j and Sg represent the effects on a 
wave propagating perpendicularly to the axis of symmetry of the 
raindrop. In the case of a satellite communications link the wave 
propagates along a slanted path through the atmosphere. This path 
intersects the plane containing the raindrop axes of symmetry at an 
angle of less than 90". Therefore an additional factor must be 
included in the above relations since they use the scattering 
functions and $ 2 - 

The geometry of this situation is shown in Figure 2-2. The 
angle y is the elevation angle from the earth station to the 
satellite. The angle between the direction of propagation of the 
incident wave and the axis of symmetry of the raindrop is c = 90" - Y 
It has been shown that [5] 

a * sin^ 5 (13) 

and 

8 = sin2 5 (14) 


where 
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Local Horizontal 







Figure 2-2 . The geometry of an earth-satel 1 1 te 1 ink , 


I J 




- 15 - 


o, 0 * differential attenuation and phase values for 

incidence angle < 90** 

8^ * differential attenuation and phase values for 
perpendicular incidence 

Z * angle between raindrop symmetry axis and direction 
of propagation . 

Substituting ? = 90® - Y into these expressions yields 

a = Oj,sin2(90® - Y) 

’Oj^COS^Y (15) 

and 

8 = 0jt|siri^(9O® - y) 

» 8j^ cos2 Y (16) 

where 

Y = elevation angle of the satellite . 

These relationships will be used in the sections to follow. 

2.2 Development of the Model 
2.2.1 The Rain Transmission Matrix 

A wave entering the rain medium can be decomposed into two 

I 

orthogonal wave components. A convenient choice is to decompose 
the wave such that one of the components is linearly polarized in 
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the x-direction and the other component Is linearly polarized in the 
yj-direction. However* the attenuation and phase properties of the 
radium are defined for waves polarized along the 1 and 2 axes. 
Tlierefore it is necessary to transform the incident wave with x and 
y polarization components into a wave with 1 and 2 polarization 
components. After accounting for the propagation of the wave through 
the medium it is necessary to transform back into the original x and 
y component representation. 

Figure 2-3a illustrates an x-polarized electric field vector 
(representing the E-field of a propagating wave) and a y-polarized 
E-vector and their projections onto the 1 and 2 axes. It is seen 
that 


e| » cos 9 + Ey sin 0 


07) 


and 


eI * -E^ sin 9 + E^, cos 9 


(18) 


where the superscript i is included to represent the wave incident 
upon the rain medium. In matrix form these equations are 


■^r 


• 

• 


cos 9 

sin 9 

A. 


-sin 0 

cos 9 


( 19 ) 


The resulting components propagate through the rain-filled 
medium according to their respective propagation constants, 


OP POOR 
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where 


-(«, t jS,)L 

d-i = e 

-(oig + j02^** 

^2 * e 


a| 2 “ attenuation nepers/kin 

By 2 = phase delay radians/ km 

L = path length km . 

Both a and B are positive numbers and the negative sign on the 
exponents in these relations assures that the wave is attenuated ?<nd 
phase delayed. 

The effects of the rain are expressed in matrix fonn as [6] 


In a manner which is analogous to the decomposition of the 
wave into 1 and 2 components, the wave leaving the rain medium is 
recomposed into x and y coniponents. This is illustrated in Figure 
2-3b. The results are 


cos 0 -sin 0 Ey 


Ey sin 0 


cos 0 Er 


The three steps of decomposition, propagation, and recomposition 



are integrated into a single expression by forming the matrix 
product 


cos 9 -sin 9 


sin 9 cos 9 


'1 


cos 9 sin 9 


•sin 9 cos 9 


cos 9 -sin 9 


sin 9 cos 0 


d| cos 9 


d| sin 9 


-dg sin 9 


cos 9 


d| cos^ 9 + ^2 sin^ 9 


(d^ - d 2 )sin 0 Cos 0 


(dy - d 2 )sin 0 cos 9 


d-| sin^ 9 + d2 cos^ 0 


(23 


The transmission matrix 

d-| cos^ 9 + d2 sin^ 0 

! 

(d-| - d 2 )sin 0 cos 9 
■* . 

is a compact expression which includes the total effect of the rain 
medium. This expression is in agreement with expressions derived by 
others [6]. 

2.2.2 Circular Polarization 


(d-| - d 2 )sin 0 cos 9 

! 

d-| sin^ 9 + d2 cos^ 9 


tn this section a pure circularly polarized wave is assumed to 







be transmitted and the medium effects are modelled with the 
transmission matrix developed in the previous section. The wave 
which exits the depolarizing rain medium will have both a RHCP 
component and a LHCP component. These components are to be extracted 
and the relative phase of the two determined. This yields the 
crosspolarized phase assuming the receiving antennas are perfect 
circularly polarized antennas. Deviations in the crosspolarized 
phase because of imperfect antennas will be discussed in sections 
2.6 and 2.7. 

Assuming that the incident wave is right-hand circularly 
polarized, the x-component of the wave leads the y-component by 90°. 
This is expressed in vector notation as 



x*£;y 


« X + e 




if-90°y '' 
= X + e'’' ^ f y 

: i 

^ A 

. X - J y 


(25) 


E 

1 


and in matrix notation as 



The maonitude is suppressed and proportionality signs are used here 
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because the phase is not dependent upon the magnitude of the incident 
wave. This concept will be used in several places in this derivation 
in order to reduce the complexity of equations. 

This representation of the incident wave is multiplied by the 
transmission matrix. The results are the x and y components of the 
wave leaving the rain medium: 



CC 

d^ cos^ 9 + d2 sin^ 9 

(d| - d2)sin 9 cos 9 


1 

m m 


(d^ - d2)sin 9 cos 9 

d-| sin 2 9 + d2 cos^ 0 


-j 

m '«i 


d^ cos2 8 + d2 sin2 e - j(d^ - d 2 )sin 9 cos e 
(d-j - d 2 )sin 8 cos 8 - j(d^ sin^ 9 + d 2 cos^ e) 


d^(cqs“ e - j sin 9 cos 9 ) + d2(sin2 9 + j sin 9 cos 9) 

d-j(sin e cos 9 - j sin^ e) - doCsin -i cos 9 + j cos^ 9) 

d^ cos o(cos 9 - j sin 9 ) + j d2 sin e(cos 9 - j sin 9) 

d^ sin 9 (cos 0 - j sin 9) - j d2 cos 9 (cos 9 - j sin 9) 

fdi cos 9 + j d2 sin ol 


= (cos 9 - j sin 9) 


d-| sin 9 - j d2 cos 9 




J . 






i 





d.| cos 0 + j dg sin 0 


d^ sin 0 - j d2 cos 0 . 


Although it is not obvious from this expression, the pure RHCP wave 
has been depolarized into a wave with RHCP and LHCP components. It 
is necessary to extract these two components. 

The copolarized wave is RHCP and will be received by a RHCP 
antenna, the output voltage of such an antenna will be proportional 
in magnitude and phase to the RHCP wave. The vector representation 
of this antenna is determined by the wave that it transmits, and, 
as in the case of the incident RHCP wave, this is i 


e « X - j y ( 28 ; 

®(co) 

The phasor voltage at the ^.ntenna output port as a result of the 
received wave is expressed as the dot product of the wave vector and 
the complex conjugate of the receiving antenna vector: 


where 


= C E . e^ 

®r(co) 


w = phasor output voltage of the copolarized antenna 

CO 


C = constant of proportionality . 


The subscript r appearing on the antenna vector indicates that the 
receiving polarization state of thivantenna must be used. The 




polarization vector of an antenna upon receiving is not necessarily 

i 

the same as the polarization vector of the wave which it transmits. 

A transformation is required to obtain e. from e.. 

®r ® 

This transformation is discussed in detail in Appendix 1 where 
it is shown: that the required transformation is 

6^ = 180® - 5 (30) 

where <s is the phase angle of the y-component of the wave transmitted 
by the antenna in question. 

In this case. 


(31) 

(32) 


( 33 ) 


'(CO) 


X • j y 


. J(-so«) 


= X + e 




where 6 = -90® 


Therefore 


6^ * 180® - 5 » ISO*^ - (-90®) = 270® 


and 


®r(co) 


= X + e y 

!" . i(270®) " 

= X + e'^' ' y 

A 

* X - j y . 


The output of the copolarized antenna is 




T » E » e * 

“ ®r(co) 

= X + Ey i) 


= (E^x.E^y) 


= " j Ey 


• (x - j y)* 

• (x + j y) 


(34) 


and the phase of this voltage Is simply 


♦co “ Ex * J • 


(35) 


Substituting the E and E components of the wave leaving the rain 
X y 

medium (from (27)) yields 

(^co ® Phase! [e”’^®(di cos 9 + j dg sin 9)] 

+ j[e"’^®(d^ sin 9 - j dg COS 9)]} 


(36) 


and simpTifying 

*co " Phase! e’'^®[d-j (cos 9 + j sin 9) + d 2 (cos 9 + j sin 9)]} 
= Phase!e”’^®[e'^®(d^ + dg)]} 

= Phase!d^ + d 2 > . (37) 

Similarly, the crosspolarized LHCP antenna is represented by 


e^ « X + j y 


(38) 


The angle of the y-component, d, is +90®, therefore 


The voltage at the crosspoTarIzed antenna output is 



* X + Ey y) • (x + j y)* 

» (E^ X + Ey y) • (x - j y) 

= Ex • j ^y 

and the phase of the voltage is^ 

= Phase{E^ - j E^} 

= Phase{[e”’^®(d^ cos 9 + j d2 sin 0)] 

-j[e~'^®(d^ sin 0 - j d2 cos 9)]} 

= Phase{e~'^®[di (cos 9 - j sin 9) ^ d2(cos 9 
= Phase{e"'^®[e"'^®(d^ - d2)]} 

= Phase{e"'^^®(di - d2)> 

= -29 + Phase{d^ - d2} . 

Recalling the definition of the phase of the crosspolanzed 
Vlhe phase ii>„ is the same as defined in Chapter 1, 


- j sin 9)]} 


( 42 ) 





- 26 - 


signal with respect to the copolarized signal, the crosspolarized 
phase Is 




■■CO 


= -2e + Phase{d^ - “ Phase{d^ + dg} 


(43) 


for the case In which the transmitted wave is RHCP. 

Consider now a LHCP transmitted wave. The matrix representation 
of the wave Incident upon the medium Is 



(44) 


Multiplying this by the transmission matrix of the medium yields the 
X and y components of the wave exiting the medium. 


d-| cos^ 9 + dg sin^ e 


(d| - d 2 )sin 9 cos 9 


d, cos 9 - j d, sin 




(d^ - d 2 )sin 9 cos 9 
d^ sin^ e + dg cos^ 9 



(45) 


j^d^ sin 9 + j dg cos 9j 

This, result was obtained in a manner idential to that of (27). 

Again this represents a depolarized wave with both LHCP and 
RHCP components. The copolarized antenna in this case Is a LHCP 







(j>^ * Phase{V^} = Phase{E • e* } 

/ ®r(x) 

® Phase{Ej^ + j E^} 

= Phase{Ce^®(d-j cos 0 - j dg sin 9)] 

+ [e^®(d| sin 0 + j dg cos 0)]} 

( 

* Phase{e^^®(d^ - d^)} 

= 29 + Phase{d^ - d2> . (51) 

The relative phase between the crosspolarized signal and the 
copoTarized signal is 

s>x *nco 

= 20 + Phase{d^ - d2> - Phase{dy + d2> . (52) 

The results using a RHCP transmitted wave and a LHCP transmitted 
wave differ only in the sign of 20. The 29 indicates that the 
crosspolarized phase is directly dependent upon the canting angle 
of the raindrops. Thus, canting angle changes translate directly 
Into phase variations in the received signals when circular polari- 
zation is used. The direction of the phase change is dependent on 
the sign of 29. 

By closely examining the portions of the equations for RHCP and 
LHCP that are identical , several simplifications can be made. 
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A' = Phase{d^ - dg} - Ph?.se{d^ + dg} 


d-j - dp 

* '■'»*« < j-> / > * 


"1 “2 
(“l/d > - ' 


Recalling the definitions 
d^ - e 


d 2 = e 


■”(®2 


their ratio is 


d, g‘<“T * 


-(<*2 ■*■ 062 ] 


“{[o-l “ Op] + jCSe 

= e 


023)L 


where 


.-(a + jB)L 


o *0^ - «2 


5 ~ S'! " $2 • 


Substituting the above relations into (53) results in the 
crosspolarized phase as a function of the differential propagation 
properties of the medium. 

jep j(9, - 8p) ^^^ 

* This is a consequence of (e /e * e ■ 











Lj 




mm 
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A* = Phase { 


(“i/dj) - ’ 

(‘*l/d,> ' 


e“(« + je)L 1 

“ '7RTm77> 

i 

. Phase te'^^icos ^L - j sin pL) - 1 , 
e"“^(cos eL - j sin gL) + 1 

= Phase S}? . A -. 1) r-j ... ? . ~°[- . ?i" 

(e cos gL + 1) - j e ®“* sin gL 


(56) 


The numerator and denominator of the expression in brackets may be 
multiplied by the complex conjugate of the denominator. The resultant 
in the denominator is a real number which may be neglected with no 
affect upon the phase angle. 

A' = Phase{[(e""‘^ cos gL - 1) - j e'“^ sin gL] 

X [(e’“*" cos gL + 1) + j e"“^ sin gL]} 


-aL 


A' = Phase{[(e“"^ cos gL - l)(e"“^ cos gL + 1) + (e‘“‘- sin gL)""] 
+ jCe""*" sin gL(e"®*‘ cos gL - 1 - e”®*" cos gL - 1)]} 
a' = Phase{[e“^“*" cos^ gL ^ 1 + e"^“** sin^ gL] 


-aL 


+ j[-2 e””*" sin gL]} 

A' = Phase{(e“^“*‘ - 1) - j(2e"®^ sin gL)} 


= tan"^ sin gL , 

^ “I^aL _ y ^ 






( 57 ) 
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Considering again the ±2o term, the complete expression for 
crosspolari zed phase for perfect circularly polarized waves and 
antennas is 


where 


A * ±20 + tan’^ ® 


■itL 


sin bL, 


r+2e for LHCP transmitter 
0 - canting angles 

[ -2o for RHCP transmitter 

a “ differential attenuation of the medium in nepers/ldi) 
B = differential phase of the medium in degrees/km 
L = path length in km 


(58) 


Predictions based on this equation will be presented and discussed in 
section 2.5. 

2.2.3 Linear Polarization 


The procedure used in the proceeding section for circular 
polarization is essentially duplicated for the case of linearly 
polarized waves. Nevertheless there are several important differences 
that warrant briefly proceeding through the steps. 

Assume a horizontally polarized transmitting antenna. The 
vector representation of the wave leaving the transmitter and 
incident upon the rain mediun is 


( 59 ) 


and In matrix form it is represented by 



(60) 


After propagating through the medium, the wave is given by the 
product of the transmission matrix and the incident wave matrix. 

The results of this multiplication are the x and y components of the 
wave leaving the medium. 


• ■ - 


- 

• 


r* *1 

E 

X 


d-j cos- 0 + d^ sin- 0 

(d| - d2)sin 0 cos 0 


1 

1 

■ ■„ 1 


(d^ - d2)sin 0 cos 0 

d| sin^ 0 + d2 cos^ 0 


0 



d^ co$2 0 + d2 sin2 0 


> 


S 



(61) 



(d^ - d2)sin 0 cos 0 

• 



The copolarized receiving antenna responds to the horizontally 
polarized wave. This horizontal component of the wave can be 
extracted by inspection. Because the phasor voltage output of the 
copoTarizecj antenna is proportional to the horizontal wave component, 

« d.| cos2 0 + d2 sin2 9 (62) 

and the phase is V ^ 








-V 
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* PhaseCV^^) = Phase{d^ cos^ o + CI2 sin^ e} 

= Phase{d^ cot^ 9 + d2) . 

the voltage at the output port of the crosspolarized antenna 1 
proportional to the vertical component of the wave 


\ « ’(di - d2)sin e cos 0 . 

Therefore the phase of the crosspolarized wave is 

= Phase{V^} = Phase{(d^ - d2)sin 0 cos 0 } 
= PhaseCd^ - d2) . 

The crosspolarized phase is by definition 



= Phasefd^ - d2> - Phase{d^ cot- 9 + d2l 

this is remarkably similar to the expression for a circularly 
polarized wave in (43) and (52). 

If a vertically polarized wave were transmitted the wave 
incident upon the medium is 





(63) 


(64) 


(65) 


( 66 ) 


(67) 


Multiplication of this by the transmission matrix and reduction to 
the copolarized and crosspolarized signal phases yields 




A = Phase{d^ - CI 2 } - Phase{di tan^ 0 + d^} . 

This is an expected result because rotating the transmitted wave 
polarization by 90° is equivalent to a change in 0 of 90° in the 
opposite direction. Replacing 0 in (66) with 0±9O° gives (68). 
This concept may be extended and any linear polarization can be 
accounted for by defining the proper 0±ii». 

These expressions may be further simplified: 


A = Phase{d^ - d^} - Phase{d^ cot^ 0 + d 2 } 


^1 ~ 

= Phase {■ — — ! ^ } 


d^ cot“ 0 + d 2 


> - ' 

= Phase { — = — } 


ing (55) , 


(di/d^)cot2 0 + 1 


^-(a + j3)L , 


and substituting this into (69) yields 


p-(« + je)L , 

A = Phase { ■ . 7- ' V iRli " ^ 

e cot^ 0 + 1 


- Phase { 


(e~“*‘ cos bL - 1) - j e~“^ sin gL 


(e~“*‘ cot^ 0 cos isL + 1) - j e"“^ cot^ e sin gL 


} . (71 


Multiplying the numerator and denominator by the complex conjugate 
of the denominator, then suppressing the resultant real denominator 






X 


& =iPhase{[(e cos sL - 1) - j e sin 3L] 

X cot^ 0 cos 3L + 1) + j cot^ 0 sin 3L]} 

A * Phase{[(e”“*’ cos 3L - l)(e”“^ cot^ 9 cos bL + 1) 

+ sin eL)(e’“^ cot^ 9 sin pL)] 

+ cos bL - 1)(e”“^ cot^ e sin sL) 

- (e"“^ sin sL)(e"'**’ cot^ 9 cos pL + 1)]} 

A » Phase{[e~^“^ cot^ 9 cos^ pL - e"”*" cot^ 0 cos pL 


+ e““^ cos pL 


1 + e"^“^ cot2 9 sin- pL] 


+ sin pL(e’'‘'*’ cot^ 9 cos pL-cot- cot- 0 cos pL-V)]} 

A = Phase{[e"^“^ cot^ 9 + e"“^ cos pL(l - cot^ 0) - 1] 

+ sin pL(-cot^ 0 - 1)]} 


A = tan" {- 


sin pL(l + cot- 9! 


cot^ 9 t e""*" cos pL(l - cot- 0) - 1 


where 


9 = canting angle 

a - differential attenuation nepers/km 
p = differential phase per km 
L = path length km . 


i As in the case of circular polarization this equation is a 
compact expression relating crosspolarized phase directly to the 
properties of the medium. This equation lends itself very well to 
computer prograiiming and predictions based on this equation are 
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presented In section 2.5. 

The crosspolarized phase for a linearly polarized incident wave 
(jloes not exhibit the direct canting angle dependence noted with 
circular polarization. Although it is not directly apparent from 
an inspection of the equations, the crosspolarized phase for linearly 
polarized waves is only slightly affected by e. This is a strong 
point in favor of using linear polarization rather than circular 
when a cancellation system is considered. The e dependence of phase 
for both linear polarization and circular polarization will be 
discussed and illustrated in detail in section 2.5 and in Chapter 4. 

2.3 Characteristics of the Crosspolarized Phase 

An intermediate result in the derivation of the A equations is 
of significance for both circular polarization and linear polariza- 
tion. This result, which is in identical form for both polarizations, 
is 

A' = Phase{d^ - dg} - Phase{d^ + d 2 > (72) 

For circular polarization, and for linear polarization 

A = Phase{d^ - dg} - Phase{d^ cot^ e + dg} . (73) 

It is recalled that d.| and d 2 represent the propagation of 
waves polarized along the major axis and minor axis of the rain- 
drops, respectively. 




(74) 



-(«, ♦ j S,)L 

d| = e 

^((*2 + J 32 )L 

From this consideration 

MtI < Idgl (75) 

and 

angleCd^} < angle{d 2 > . (76) 

The quantities d^ and d 2 » being complex numbers, can be 
represented as phasors or vectors, as indicated in Figure 2-4. Both 
d^ and d 2 are drawn below the horizontal axis because of the negative 
sign on the exponent. 

The sum and difference vectors are also included in Figure 2-4. 
Tkie angle between the sum and difference vectors is a, the cross- 
polarized phase. 

Decreasing rain rate causes a corresponding decrease in 
attenuation and phase delay. This is illustrated in the sequence of 
Figures 2-5a, b, and c. The sum vector always lies between d, and d 2 
and as rain rate approaches zero this vector falls nearly on the 
horizontal axis. The sum vector represents the copolarized signal 
phase and the angle of this vector is insignificant at low rain rates 

The difference vector represents the phase of the crosspolarized 
signal. This vector is very sensitive to d^ and d 2 and its angle 








Figure 2-4. Vectors representing the phase 
the copolarized signal and the 
phase of the crosspolarized si< 






can vary widely. Since the angle of the sum vector is negligible at 
low rain rates 

A = Phase{d^ “ ^2^ ‘ 

The angle of this difference vector approaches -90° in the 
limit of zero rain rate as illustrated in the inset of Figure 2-5c. 

A mathematical analysis of the limit of crosspolarized phase is 
presented in Appendix 2. McEwan has shown that the phase associated 
with ice depolarization is ±90° [7]. Ice depolarization is 
characterized by the lack of both significant attenuation and thus 
differential attenuation. This corresponds to vectors d-j and ^2 
being of equal length, a case which results in a -90° crosspolarized 
phase. The +90° result is explained by other factors [7]. 

It is obvious by an inspection of Figure 2-5 (in reverse 
sequence) that with increasing rain rate the difference vector can 
rotate only in the negative direction since |d-j| < ld2|. The sum 
vector also rotates in the negative direction but through a smaller 
angle than the difference vector. This indicates that the cross- 
polarized phase must retard with increasing rain rate. 

j Of course the -90° limit of crosspolarized phase neglects the 
20 term for circular polarization. Any other constant term that 
might appear in a practical system has been neglected also. 

^ ^ Phase Predictions 

The equations for crosspolarized phase are 







e cot^ 0 + e cos 8L(1 - cot^ 0 ) - 1 


fof linear polarization. The usefulness of these equations is that 
chainges in the crosspolarized phase A can be directly related to the 
medium properties. In order to use these equations functions relating 
a and 6 to a parameter such as rain rate are needed. 

Raindrop scattering functions S-j and $2 have been computed by 
Morrison and Cross [8]. The 1 and 2 subscripts indicate orthogonal 
directions along the axes of a raindrop. By summing the scattered 
waves from all raindrops in a medium one kilometer thick and using a 
Laws and Parsons [9] drop size distribution the attenuations and 
«2 and the phase delays 8-| and be determined [4]. These 

results are presented by T. S. Chu in tabular form for rain rates 
from 0 to 150 mm/hr and for frequencies up to 30 GHz [5]. Chu’s 
tabulated values were used to compute differential attenuation and 
differential phase according to 


o “ (a-j - 02)005^ Y 


S = (Br - 6,)cOs2 Y 
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where 


Y 


= elevation angle to the satellite. 


33® CTS (11.7 GHz) 

' 44 ® COMSTAR D-2 (28.56 GHz) . 


Polynomial regressions on these points yield equations of 
differential attenuation and differential phase as functions of rain 
rate. Plots of the two equations for 11 GHz are shown in Figures 
2-6 and 2-7. 

When using perfect antennas the reciprocal of the crosspolariza- 
tion ratio (CPR) is equal to the isolation between the copolarized 
channel and the crosspolarized channel. Simple relations for CPR as 
a function of a and g [IQ] are used to determine isolation. 


I - 20 l^^iQ 


Jl _ g-(a + j6)L 


4 dB 


for circular polarization and 


I “ 20 1 09 1 g 


I 1 ^.e-(g-^ J3)L el 

1(1 - e”^“ ^ g j 



(81) 


(82) 


for linear polarization. 

These equations, the A phase equations, curve fits to differen- 
tial attenuation and differential phase, and curve fits to effective 
path length at 11.7 GHz and 28.56 GHz were integrated into a 
C(|»mputer routine to provide theoretical phase versus isolation curves. 

I. ... ' . 

Before presenting these predictions, a consideration of the path 
length is in order. 
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The effective path lengths used in the predictions in this 
thesis were derived from measured attenuation statistics at H.7 GHz 
and 28.56 GHz. Measurements were made over a three month period at 
the VPI&SU satellite tracking station. Theoretical attenuation values 
heeded to compute effective path length were provided by the VPI&SU 
Rain Propagation Prediction Model [11]. 

Computations using the a phase equations have shown phase to be 
very insensitive to path length. This is reasonable, for as 
illustrated in Figure 2-8 the phase of the crosspolarized signal is 
primarily dependent on the raindrop scattering functions. All 
copolarized waves add in phase at the receiver as do all crosspolarized 
waves. The relative phase between the two waves at the receiver is 
essentially the same as the relative phase when they leave the 

i 

raindrop. In the case of linear polarization and a very long path 
th6 differential phase of the medium (in some cases) causes the 

I 

copolarized wave and the crosspolarized wave to experience slightly 

i 

different delays. Linear polarization at lower frequencies is 
subject to this differential phase effect more severely than at 
higher frequencies. This will be illustrated in the phase predictions 
to be presented in the next section. 

2.5 Theoretical Curves 


Isolation versus phase curves are presented on polar coordinate 
axes because phase is an angular variable. Polar axes are established 
with the high values of isolation (corresponding to low rain rates or 






clear weather) at the origin. Propagation through rain causes a 
reduction in isolation which means moving radially outward in the 
polar coordinate systan. Phase variations which occur at low values 
of isolation appear to be magnified in comparison to the same change 
at high values of isolation. This is because the transformation from 
rectangular to polar coordinates is nonlinear. The effect is 
desirable because the phase variations at Tow values of isolation are 
important both in propagation research and to the operation of a 

f 

cancellation system. 

The predictions to follow are based on perfect antennas. 

Imperfect antennas introduce errors in both isolation and phase, but 
these errors are small for low values of isolation (again those values 

i - ^ 

of importance). More will be said about antenna effects in the 
next section. 

^ Figure 2-9 is the polar representation of crosspolarized phase 
for an 11 GHz circularly polarized wave with a constant canting angle 
e- 0®. It should be noted that the limit of phase for high values 
of isolation (zero rain rate) is near -90® and that the phase retards 
with decreasing isolation (increasing rain rate). Of course, a 
practical receiving system will introduce a constant phase value in 
addition to the variable phase shown in Figure 2-9. As an example, 
this constant phase value can be introduced by the separate front 
end amplifiers of a dual -polarized receiver. The constant term can 
be simul a ted in the polar plot by simply rotating the plot about its 
origin. 






! 
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Figure 2-9 shows isolation decreasing to 5 dB. A more realistic 
situation is illustrated in Figure 2-10 which assumes the same 
conditions as before except that isolation is restricted to the range 
of 35 dB to 15 dB. This range is more typical of measured values 
seen at the VPI&SU satellite tracking station. 

Figure 2-11 illustrates the effect of changes in the canting 
angle upon a circularly polarized wave. It is seen from (58) that 
20 is a term in the phase expression derived for circular polarization. 
The figure shows two curves, one for a 0® canting angle and the other 
for a 20® canting angle. This places bounds on the crosspolarized 
phase which are separated by 40®. The phase behavior within the 
bounds depends upon how the canting angle changes. There is 
evidence that the canting angle can change by as much as 20® either 
by canting angle oscillations [12] or by an abs.olute change in the 
mean canting angle [13]. 

Figures 2-12 and 2-13 illustrate phase versus isolation 
predictions for an 11 GHz linearly polarized wave. These plots show 
phase for a variety of canting angles. For canting angles near 45® 
the magnitude and direction of phase change are essentially the same 
as in the case of the crosspolarized phase of a circularly polarized 
wave. It is immediately obvious, though, that with linear polariza- 
tion the canting angle variation has very small effect in comparison 
to its effect upon a circularly polarized wave. Note that Figure 

i 

2^12 shows canting angles over a range of 60®. This range 
translates to a 120® phase variation when considering circular 


LSOLRTION VS PHASE 


270 


Q 


Figure 2-10. 


Predicted phase for IT GHz circular 
polarization, canting angle 9-0*. 






Figure 2-11. Predicted phase for 11 GI 
polarization showing the 
20® canting angle change 
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polarization. 

These linear polarization predictions assume a horizontally 
polarized wave. The canting angle as defined here is actually the 
angle between the major axis of the raindrop and the polarization 
direction. This fact can be used to obtain predictions for waves 
polarized other than horizontally. 

The unusual behavior of the phase at small canting angles can be 
explained by considering the properties of the medium. Recall that 
the crosspolarized phase starts at -90° and retards with increasing 
rain rate. This is the case in Figures 2-12 and 2-13 but at higher 
Irain rates some curves diverge and begin to advance in phase. This 
is because of the differential phase of the medium. The differential 
phase causes the horizontal wave component to be delayed more than the 
vertical component. For small angles e the horizontal component is 
approximately the copolarized wave and the situation exists where 
the copolarized wave is retarding faster than the crosspolarized wave. 
This is equivalent to an advance in the relative phase. In other 
words, for small 9 and high rain rate the differential phase of the 
medium dominates the phase of the rain-induced crosspolarized wave. 
This condition requires the effects of the differential phase of the 
medium to be relatively large compared to the effects of the 
differential attenuation. This is the case at frequencies below 
approximately 15 GHz.^ The phase predictions for 28 GHz do not show 
this behavior. 

Figures 2-14 and 2-15 show crosspolarized phase versus isolation 






Figure 2-15. Predicted phase for 28 GH: 
polarization, canting ang 
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for 28 GHz circular polarization. A larger absolute phase change , 
occurs at 28 GHz than at 11 GHz but a comparison of Figure 2-14 
(28 GHz) and Figure 2-9 (11 GHz) shows that most of this change 
occurs at high isolations corresponding to very low rain rates. 
Differential phase values at 28 GHz and 11 GHz differ by a factor of 
approximately two. Differential attenuation values (measured in dB) 
at 28 GHz and 11 GHz differ by a factor of about three except at very 
low rain rates where the 28 GHz differential attenuation is almost an 
order of magnitude larger than the differential attenuation at 11 GHz. 
Tfjis relatively large differential attenuation at low rain rates for 
a frequency of 28 GHz causes the initial large crosspolarized phase 
change. 

Figures 2-16 and 2-17 illustrate crosspolarized phase for 28 GHz 
linear polarization. These curves exhibit the same initial phase 
jump at low rain rates. As with 11 GHz linear polarization, 
ca'nting angle variations have little effect on the crosspolarized 
phase. Note that the phase advance seen in the 11 GHz linear 
pojlarization curves does not appear in the 28 GHz curves. This is 
because of the smaller differential phase of the medium at higher 
frequencies. 


2.6 Ground Station Antenna Effects 


All of the mathematics and discussions up to this point have 
assumed perfect antennas for both transmitting and receiving. This 
section will examine the errors that may have been introduced by this 



Figure 2-16. Fjredicted phase for 28 GHz 
polarization, canting angle 
i = 10®, 40“, and 70°. Not 
the curves cross each other 
that at low isolations the 
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Figure 2-17. Predicted phase for 28 GH. 

polarization, canting ang 
9 = 2®, 4”, and S'*. 
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assumption. 

Given a real antenna, what is the maximum deviation in phase from 
the predictions based on perfect antennas? Consider for now the case 
of circular polarization. The transmitted wave is assumed to be 
RHCP and the depolarized wave leaving a rain-filled medium is RHEP 
(right-hand elliptically polarized). This wave can be considered to 

i 

be composed of a RHCP wave and a LHCP wave. The crosspolarization 
ratio (CPR) of the wave is defined as the ratio of these two 


components. 


CPRj^(dB) = 20 log,Q 


where 


IErj^CpI * magnitude of the RHCP wave (assumed to be the 
copplarized wave) 

l^LHCpI ~ magnitude of the LHCP wave . 


Therefore if 


^pwrp “ ^ 


CPRy(dB)/20 

I^LHCpI ' ^ 


I An imperfect antenna may be considered to be an array composed 
of two elements. One element is a perfect RHCP antenna and the 
Other is a perfect LHCP antenna. The relative magnitude of the 





response of these two elements to equal amplitude RHCP and LHCP waves 


respectively is the CPR of the antenna. 


CPR„ = 


A le, 


rhcpI 


( 85 ) 


where and Sj^j^Qp represent the antenna responses. The CPR is 


related to tipe axial ratio of the antenna by [14] 

IaRaI - 1 

'•'^A " * 1 • 

The antenna parameter e is also related to the axial ratio by 


( 86 ) 


£ » cofi AR. . 

\ ' ... 

From these equations the relative Gontributi on of the component 
elements is 


( 87 ) 


l\HCpl ^ ~ ^ ^ 1 cot el - 1 

!®RHCpI T^^aP^ |coFe|in‘ 


( 88 ) 


T^e antenna has been assumed to be RHEP (i.e. the copolarized antenna, 
dominantly RHCP). Therefore if 


I*“hcpI * » 


then 


.CO 


l«t £^„| - 1 


B 


( 89 ) 


' LHCPI ■ ICOt e^J + 1 
I The voltage output from the imperfect antenna is the phasor sum 

i 

of the response of the copolarized antenna RHCP element to the RHCP 
component of the wave and the response of the copolarized antenna 
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LHCP element to the LHCP component wave. The output of the RHCP 
elenent is proportional to 


I^RHCpi l®RHCpl “ 


( 90 ) 


and the output of the LHCP element is proportional to 


CO 


-LHCP I !®LHCP 


CPRu(dB)/20 I cot e 
= (10 “ )( 


’ ^)AB 


+ 1 


(91) 


For a CPRj^ of -20 dB and a copolarized antenna e of 40° (jAR^I * 1,5 
dB) this latter output is less than 1% of the former output and is 
considered negligible. 

j The crosspolarizad antenna is more severely affected by 
imperfections. An imperfect crosspol arized antenna may respond to the 
strong copolarized wave with an output comparable in magnitude to its 
response to the weaker crosspol arized wave. 

Again the relative response of the antenna to equal magnitude 
RHCP and LHCP waves is related to the antenna parameters by 


where |e; 


I® 

LHCP I 


lARj - 1 


I cot e^\ - 1 


RHCP* _ ____ 

X I ■ [Ar 1 + 1 ■ [cot eJ + y 
LHCP I ^ ^ 

is now the larger quantity. Therefore if 


(92) 


l®LHCpl “ ^ 


then 


e 


RHCP I 


[cot e^ l - 1 
I cot e .l + 1 


(93) 




IJ 


fj 

[j 


The output voltage from the crosspolarized antenna LHCP element is 
proportional to 


^ CPR (dB)/20 

I^LHCpI l®LHCpl " 


Which is the desired response of the antenna. The output of the 
RHCP element is proportional to 


(94) 


^RHCpM®RHCp! 


cot e^\ - 1 
cot e J + 1 


AC . 


(95) 


This quantity represents the error due to an imperfect antenna. The 
phasor addition of this to the desired response yields the antenna 
output. This is illustrated in Figure 2-18 where D is the desired 
response and U is the undesired response. The angles of the two 
phasors are arbitrary and the tip of U can lie anywhere on the circle 
with radius jU| . 

The maximum phase error is ti as indicated in the figure. 
Therefore 


I Hi 


ii 

1 




0 - sin-i lU|/|Dj 
loot e. 


= sin-1 


= sin-1 


cot 0 ^ 

-pt-ac 

CPR,.(dB)/20 
10 AC 

cot 0 ^ 

- 1 


cot 0 ^ 

+ 1 



10 


rPR~rdB-)750 


Thb angle e of a perfect circularly polarized antenna is ±45' 
Sj represent the deviation from this perfect value; then 


(96) 


Let 


KBxBcr'jq: — l: 1 ,1. *' 















( 101 ) 
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I(dB) = - CPRj^(dB) . 


The Improvement in isolation is expressed as 

I = -CPRj^ - 20 log^Q{cos n) dB . (102) 


This improvement amounts to only 0.4 dB in the preceeding example. 

The analysis of antenna phase errors for linear polarization 
proceeds in a similar fashion but now the polarization parameter of 
interest is y rather than e, where 

(103) 

I^Hl 


where 


|Eyl = magnitude of vertical wave component 
lEj^l = magnitude of horizontal wave component . 


A horizontally polarized wave becomes an elliptically polarized 
wave upon propagation through a depolarizing medium. This elliptical 
wave can be decomposed into a horizontally polarized component and 
a vertically polarized component. Again CPRj^ is defined as the ratio 
of these components. 


CPRj,(dB) . 20 log,o iiji 


(104) 


Therefore if 
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D 

Q 



Q 

0 




then 


j 

CPRy(dB)/20 

lEyl = 10 ^ A . 


(105) 


The imperfect copolarized (dominantly horizontal) antenna may be 
decomposed into a horizontally polarized element and « vertically 
polarized element. As was the case with circularly polarized waves 
and antennas the undesired output component from the copolarized 
antenna is negligible. 

The imperfect crosspolarized antenna is also decomposed into a 
horizontally polarized element and a vertically polarized element. 
Figure 2-19 illustrates a possible polarization ellipse of the 
crosspolarized antenna. The quantities e^ and e^ are the responses 
of the component elements to equal magnitude horizontally polarized 
and vertically polarized waves respectively. It is seen that 

I 

= tan . (106) 

Therefore the two components can be expressed as 

leyl = C |e^| = cot C . (107) 

The output voltage from the vertically polarized element is 
proportional to 

CPR (dB)/20 

|Ey||ey|=10 “ AC (108) 

and the output of the horizontally polarized element is proportional 
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|E^1 le^^l = cot AC 


(109) 


The phasor sum of these voltages yields the true output from the 

1 

imperfect crosspolarized antenna. The angle between the phasors is 
arbitrary therefore the worst case phase error is 


n = sin 


-1 


LlO 


cot Y^ 
CPRy{dB)720 


( 110 ) 


A relatively good vertically polarized antenna will have a large 
axial ratio and a tilt angle very close to 90® . Referring to Figure 
2-19 it can be seen that 



( 111 ) 


and that as the tilt angle approaches 90® this approximation becomes 
an equality. 

With relatively good antennas, the replacement of Y^ with 90® - 
is justified, and 


n = sin 


-1 


LlO 


tan 

CPRy(dB)/20 


( 112 ) 


A perfect linarly polarized antenna has e = 0® and its deviation 
from perfect is 



therefore 


n = sin”! 



tan 

iFHjirasw 


(113) 


(114) 



This is identical to the results obtained with circularly polarized 
antennas. 

Figures 2-20 and 2-21 are polar-plot representations of cross- 

pLlarized phase for IT GHz circular polarization and 28 GHz linear 

jolarization. Also included on these plots are maximum phase error 

Jounds n for an antenna with e = 43.7° corresponding to an axial 

I ^ 

rjatio of 1.047 or 0.4 dB. The CPR of this antenna is -33 dB. 

These values were chosen because they closely approximate the 11.7 
GHz antenna at the VPI&SU tracking station. 

The solid lines in Figures 2-20 and 2-21 represent calculated 
\|alues of n. The broken portion of the line represents an approxi- 
mation to the error. When the desired and undesired antenna 
responses become equal in magnitude the inverse sine equations, (99) 
and (114), become invalid and the crosspolarized phase error can be 
as much as 360°. The wave GPR at which this situation occurs is 
easily determined by solving for CPR with the argument of the inverse 
sine set equal to one. This value is approximately 33 dB and the 
broken line indicates a maximum phase error of 360° for isolations 
creator than 33 dB. This is a very conservative estimate because 

large phase errors such as this are accompanied with a substantial 

1 ; : 

increase in isolation. The actual error bound will be smaller than 

i' '■ 

that indicated. 

The VPI&SU 11.7 GHz system uses a 12 foot diameter prime focus- 
fed parabolic reflector antenna. Manufacturer's measurements on 
this antenna include axial ratio on boresight and at the -10 dB 
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Figure 2-20. Prtedicted phase for 11 GHz circular 
polarization with max imum imperfect 
antenna error bounds. The antenna 
axial ratio is 0.4 dB. 
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fjoint. These values are tabulated in Table 2-1. It is noted that 

1 

off axis pointing causes a rapid degradation of axial ratio which 
correspondingly increases the maximum phase error. The -10 dB point 
is approximately 0.5° from boresight. 

Antenna pattern measurements are performed on the 11.7 GHz 
antenna by adjusting antenna pointing to scan the mainbeam across a 
satellite beacon. This scan is perfonned in both the elevation and 
azimuth planes while received signal amplitude and phase are 

i ‘ 

recorded. The results of the phase measurements are plotted in 
Figure 2-22. Note that large phase variations occur off axis. 

I This particular exercise was performed during clear weather 
cpnditions when the system was operating with a high on-axis isola- 
tion. This corresponds to the area near the origin of Figure 2-20. 
Phase errors during a depolarizing event will be substantially less 
than those measured during clear weather. This discussion serves 
only to illustrate potential problems involved with antenna 
pointing. 

2.7 Satellite Antenna Effects 

The discussion in the previous section neglected the effects of 
an imperfect transmitting antenna. This approach is probably 
justified because in some cases much is known about the earth station 
anlenna but little is known about the spacecraft antenna and, as will 
be seen, the effects of an imperfeGt transmitting antenna can act to 
cancel errors caused by an imperfect receiving antenna. This is a 
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Table 2-1. 4x^1 ratio of VPI&SU 11.7 GHz 
parabolic reflector antenna. 

i . . ; 

On Axis -10 dB Point 

|AR[ (dB) 
e degrees 

LHCP 11.7 GHz 


.27 

2.0 

44.11“ 

38.46“ 


" :i 

ri 






statement that two elliptically polarized antennas may be matched in 
polarization better than an elliptically polarized antenna and a 
circularly polarized antenna. 


The spacecraft antenna polarization can be decomposed into two 

i 

orthogonal elements, one desired and one undesired. The relative 
magnitude of these components is set by the antenna parameters e and 

y| as in the previous discussion. The undesired transmitted wave is 

I 

represented by a vector, U 2 , which is included in the vector diagram 
of the receive antenna output voltage along with the vectors D and U. 
This is shown in Figure 2-23a. 

For circular polarization a further simplification can be made. 
Most earth station antennas are operated such that their polarization 
tilt angle is aligned with the polarization tilt angle of the 
satellite antenna (i.e., the polarization tilt angle of the incoming 

wave in clear weather). If the crosspolarized receiving antenna is 

1 ' ' 

indeed orthogonal to the copolarized receiving antenna its tilt angle 

will be 90® from that of the satellite antenna. 

When the copolarized wave is RHCP, the crosspolarized receiving 
antenna responds to the RHCP wave with a voltage lU| at an angle of, 
say, zero degrees. Define the tilt angle of the crosspolarized 
antenna as zero degrees. This sets the tilt angle of the satellite 
antenna to be ±90®. Therefore, the LHCP wave component leaving the 
sa^llite must be 180® out of phase with the RHCP transmitted wave. 
The crosspolarized antenna responds to this with a voltage lUgj at 
an angle of 180®. Therefore, Ug is displaced from U by 180® and 











Figure 2-23b. Transmit and receive antennas 
with aligned tilt angles. 


Figure 2»23. The phasor addition of desired and 

antenna responses including 
an imperfect transmitting antenna. 


I 
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cancellation occurs. This is illustrated in Figure 2-23b where it is 
seen that n is substantially less than the phase error for perfect 
transmitting antennas (n' in Figure 2-23b). 

The process of rotating the receiving antenna during clear 
weather for the maximum isolation is a procedure used to force the 
180* difference in U and U 2 . The vector D does not exist in clear 
weather conditions therefore the mangitude of the resultant U + U 2 is 
inversely proportional to clear weather isolation. 

This argument indicates that n used in plotting Figures 2-20 and 
2-21 is larger than the error that will be seen in a practical system 
Again this shows that Figures 2-20 and 2-21 illustrate the worst 
possible case. 

The situation presented by linearly polarized systems is more 
difficult to visualize because the angle between U and U 2 is 
determined by the 6's of the antennas rather than the physical tilt 

t 

angles of the antennas. However, if the receive antennas are truely 

i 

j 

Orthogonal the process of maximizing the clear weather isolation is 

j 

equivalent to minimizing the resultant of U and U 2 > thus reducing 
phase errors. 


CHAPTER 3 

THE VPI&SU RECEIVING SYSTEMS 
3.1 The Experiment 

The VPI&SU satellite communications experiment is a research 
project within the Department of Electrical Engineering and is jointly 
funded by the National Aeronautics and Space Administration, the 
Defense Communications Agency, and the U. S, Army Research Office. 

The purpose of the project is (1) to collect rain attenuation, rain 
depolarization, and weather data, (2) to correlate these data with 
4ach other, (3) to produce statistics, and (4) to develop theoretical 

models to explain and predict weather-related propagation phenomena. 

1 ^ 

I The satellite tracking station located adjacent to the Virginia 

I 

Tech campus houses three dual -polarized receiving systems. The 

! /V 

Communications Technology Satellite (CTS) circularly polarized beacon 
is received at 11.7 GHz and the Comstar D-2 linearly polarized beacons 
a,re received at 19.04 and 28.56 GHz. The diversity of frequencies 
and polarizations provides a unique opportunity for conducting milli- 
meter wave propagation research. 

The three receivers, a variety of weather instruments, and a 
weather radar are interfaced with a Digital Equipment Corporation 
PDP-ll/lO computer. The computer continuously monitors the status 
of the experiment, points the 11 GHz a_ntenna, and records data from 
all devices. 

An IBM 370/158 VM facility is available for processing the data 

--r ■ , ■ 
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recorded by the experiment. A statistical software package is used 
to reduce data taken over long periods of time and a computer graphics 
package is provided for displaying data on a storm-by-storm basis. 

The graphics package is of particular interest because of its ability 
to display phase data for a given propagation event. 

Of the three systems only the 19 GHz beacon is alteirnately 
switched between two polarization states. It was for this reason 
and because of the similarity of the 11.7 GHz and 28 GHz systems that 
a decision was made to present only 11.7 GHz and 28 GHz phase data in 
this thesis. A detailed description of the 11.7 and 28 GHz receiving 
system follows, i 

3.2 The Receivers 
3.2.1 General Discussion 

The 11.7 GHz receiver and the 28 GHz receiver are identical with 
the exception of a parametric amplifier in the crosspolarized channel 
of the 11. 7 GHz system. A detailed discussion of the operation of 
only the 11.7 GHz system will be presented for this reason. 

Considerable care has been taken in the design, analysis, and 
Calibration of the receivers to insure the accuracy of the phase 
measurements. Of particular concern are nonlinear devices which can 
introduce a phase inversion. A phase inversion is characterized by 
an actual phase advance being, translated into an apparent phase 
retardation. A phase inversion is equivalent to a sideband inversion 
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of the type which occurs when a signal frequency Is subtracted from 
the local oscillator frequency by the action of a nonlinear mixer. 

One situation responsible for a phase inversion is illustrated 
in Figure 3-1 where two mixers are shown. The input to the mixers is 
at frequency and at phase +(|). Local oscillator frequencies and 
are selected such that and are both equal to 

the IF frequency. In mixer A the local oscillator frequency is 
subtracted from the signal frequency. Mathematically the mixer is a 
multiplier and its operation is expressed by 


sin(cOgt + (|i) cos(o) 


= ^sin([o)g - u^^lt + ({.) + sin([u»g + w^Q]t + ({.)} 


Filtering out the sum component yields the mixer output 


\ sin([u)g - w^glt + i|)) 


(115) 


The function of mixer B is to subtract the signal frequency from 
the local oscillator frequency. 


sinCw^t + ♦) cos( Whit) 


's 

Ir-. 


“ “ *{•) " sin(to)j^^. + u^Jt + (j>)] 


which yields upon filtering 


\ sin([o)j^^. - tOg]t - (fr) 


(116) 


The -<j» and in the case of mixer B represents the phase and side- 


band inversion. 










A phase Inversion should not be confused with a 180** phase 
reversal. A phase reversal only introduces a constant term in the 
relative phase of two signals. 

In a dual -polarized receiver the copolarized signal provides the 
reference phase. A phase inversaion in either one or both of the 
chanhels would invalidate the phase data. 

Other sources of potential problems are amplitude-dependent phase 
variations and frequency-dependent phase variations. Practical 
circuits exhibit amplitude-dependent phase distortion but these 
effects are usually negligible. All resonant circuits exhibit a 
frequency-dependent phase characteristic, but as will be shown, this 
is not a factor in the equipment used in this experiment. 

A discussion of the individual components forming the 11.7 GHz 
receiving system follows. Each component will be analyzed in terms 
ofL its phase characteristics. Figures 3-2 and 3-3 are simplified 
block diagrams of the system. 

3.2.2 The Antenna 

The 11.7 GHz antenna is a prime focus-fed parabolic reflector 
antenna 12 feet in diameter. The feed horn is supported by the 
waveguide and there are no supporting spars to generate cross- 
polarization. The antenna is program pointed by the station computer 
using orbital elements provided by NASA. Possible phase effects that 
might be caused by improper antenna pointing have already been 
discussed. The computer continuously monitors the status of the 
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Figure 3-2. The 11 .7 GHz antenna and RF components. 
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antenna pointing mechanism and if wind or some other factor causes a 
pointing error the computer stops data collection until correct 
pointing is resumed. 

The prime focus feed was chosen rather than a Cassegrain feed 
in order to reduce problems associated with water on (or in) the 
feed horn. Wet antenna and wet feed tests have been performend and 
the resulting phase effects were negligible. Careful analysis of 
data from this system has shown that many phase events occur before 
the onset of local rainfall, this further eliminates wet antenna 
phase effects. 

The incoming RHCP wave becomes a LHCP wave upon reflection from 

ilhe metal surface of the antenna. Thus the feed horn "sees" a LHCP 

! 

wave instead of a RHCP wave in the copolarized channel. The same 

I 

reversal occurs on the crosspolari zed wave. No problems are 
introduced since the antenna waveguide ports are labled to account 
for this change. Even though the reflection at the antenna surface 
changes the sense of the wave, it can in no way alter the phase 
relationship of the copolarized and crosspolarized waves. 

The orthomode transducer and other waveguide hardware are 
linear devices and therefore exhibit linear phase characteristics. 


3.2.3 The R.F. Section (11.7 GHz ^ 1.05 GHz) 


I Figure 3-2 shows a block diagram of the 11.7 GHz front end. 

I 

The copolarized channel first mixer and the crosspolarized channel 


first mixer are driven by the same local oscillator. The oscillator 
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This current represents the amplified version of the input signal. 
Two phase inversions are indicated by this analysis and their 
effects cancel. No net phase inversion results. The rndtiufacturer 
of the parametric amplifier [15] confirmed the above conclusion, 

3.2.4 The I.F. Receiver 


All local oscillators in the 1.05 GHz IF receiver are phase 
referenced to each other and to the signal voltages by virtue of the 
action of the phaselock loops. All local oscillators are coniiion to 
both the copolarized channel and the crosspolarized channel. 

! Figure 3.3 is a simplified block diagram of the IF receiver. 
Three frequency conversions occur in the receiver and one of the 
conversions subtracts the signal frequency from the local oscillator 
frequency. This introduces one phase inversion, but this phase 
inversion is nullified later in the receiver chain. 

Frequency changes within a filter passband can cause phase 
cjianges. Resonant circuits are integral parts of the amplifiers in 
tjie receiver, and several crystal filters (not shown) wi‘:h narrow 
passbands are included in the signal path. All local oscillators in 

the receiver and all of the IF signals are ultimately frequency 

r" 

referenced to a highly stable 10 MHz master oscillator. This assures 
that all circuits and filters are operated at a constant point on 
their frequency-phase characteristic. 

Possible sources of ampl itude dependent phase variations are 
the two phaselock loops in the receiver because al 1 phasel ock 1 oops 
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t'\hihit si'Mit* phasi* chaiuie with varviiuj i?)put sivjnal SovtM'al 

saf t'puai\ls hav»' ht't'n provivltvl to oliiinnato thi'; of foot in tho 
roooivt'f. Tho dvnainio ratuios of tho phasoloik loop'i hav»' hot'ii 
inoasurovl at approximatoly 40 dO. Mo'it of tho propaoat ion ovonts 
vatiil, o\oopt whoro notovi, all of thoso prt'sontoO in thi>; thosis' aro 
assooiatod with sional fados woll within tho dsnaiiiio raiuio of tho 
foooivof, thoroforo tho loops aro oporatuiii with amplo input sipnal 
It’vols. i’hasolook dotootion oircuits aro providt'd in both phast'look 
loops, Tho Status of pha-.olook is monitorod tn tho oomputor and 
data will not ho ft'oordod unloss both loops aro phasoKn kod. 

h Tho Pivjital HI 

A unu)uo foaturo of this rooou<'r is tho duiital phasolook loop 
whioh was dosuinod h> P. H, Wili'v and I . A. '’anus of tho VPl.'liSU 
Mootrioal t no iiu'oriiu) I\’po''tii'ont This phasolook loop roouiros 

that tho iiKiin pfiasolook loi'p in tho oopolari;(\l ohanni'l ostahlish 
froouonov look hoforo it oan porfonn its funotion. 

Tho phasolook loop in tho oopolari.'od ohannol hrinos tho Id Mfl/ 
11 suinal into phasolook with tho Id MIL* niastor olook in tho roooiv«'r 
Sinoo ttu' td.dd.'h MIL* and d.h kll.* looal osoillators aro dorivod from 
tho Id MM; olook t(i«' rosultant .'.h kM; II signal is phasolookod to 
tho .'.h kM; olook. Tho J.h kll; olook wa\oform is a h volt svjuan' 
wavo whioh drui’s a suiohronous Kit'tootor. 

i'OO.iust' thiM’o IS a piiaso viifforiMioo Potwoon tiu' oopolari.'od and 


vi'Osspol ar 1 •t\l wa\t's at 11.’ iTM; th«'ro will .ilsi> ho a phast’ vliffc'rt'iio 


botw«*t'n thj' .’.h kH; ir sion.ils in th(< oopolarutvl and vTnsspolari^t'd 
ohaniu'K of tho rov t' u sm* . docauso all IvH'al oscillators aro >.oi;ii;on 
to t'oth otunnols tMo rolati\o phaso at ;.o kM/ is idontioal to that 
at 11.' oHc. 


This phaso dittoronoo ohanoos with propaaat ion conditions. 
Tht'rof'oro tho orosspolar icod ohannol .'.P kMc IK signal is not phaso- 
Kvkod to tho .'.p kH.’ roooi\or clock. In order to use a suichronous 
detector in the crosspolariced ctunnel the dujital plU'-elock loop 
generates a new J.^ kHc clock which is phaselocked to the cross- 
polari.:ed U. This is illustrated in Moure .>- 4 . 

Moure d-P presents a simplified Mock diaorain of th.' dioital 
phaselocK loop. Tiie modulo-UHV counter corinences count i no at a 
.'.P MHc rate upon the rise of the .'.s kM; cope lanced channel clock. 
When its vount eouals that of the up down counter the dipital 
comparator instructs a mul 1 1 \ iPrator to oetu'rate a .Vd . sec. oulse 
n svcle Of .1 .' . s kH; svjuare wa\i''. Tlu' analoo c»N'ipar.itor vU'termines 
whether this pulse leads or laos the kH; crosspol ar i ;ed 11 sional 
and instructs the up down counter to compensate accordinol,\. After 
several iterations the new .'.o kH; reference will Pe in phase with 
the crosspolar i;ed If sivjnal. 

The two phaselocked d.o kH; clocks drivt' their respective 
svnehronous detectors. An added penefit of this svstem is that it 
provides two staple, noisefree TTl levt'l siphals which are in phase 


w’th the copolari.’od v>ave and 


the crosspolari ;ed wave 


■ V t' 


These sujnals are UM to the ph.iso di'ti'ctor 
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2.5 kHz Signal 



2.5 kHz 2*5 kHz Clock 

reference in phase with signal 


I 

1 

1 



Figure 3-4. The digital phase! ock loop 









Figuire_3-5. The 2.5 kHz-drgii:al“ phaselock loop 
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3.2.6 The Four-Quadrant Phase Detector 

f 



The standard ±90° phase detector offers at best the triangular 

characteristic shown in Figure 3-6a. All phase changes greater than 

180° are invalid, and should operation occur on the negative sloped 

portion of the curve an apparent phase inversion exists. 

A four-quadrant phase detector, developed by P. H. Wiley and 

E. A. Manus [17], overcomes these problems. The phase-output voltage 

characteristic is shown in Figure 3-6b and the circuit diagram is 
i : ,, ' 

shpwn in Figure 3-7. The rise of input 1 turns the flip flop on and 

t 

th'e rise of input 2 turns it off. The duration of the pulse 
generated by the flip flop is proportional to the relative phase of 
irlputs 1 and 2. The pulse area is integrated by the operational 
amplifier circuit giving an output of 0 to 5 volts corresponding to 
0° to 360°. 

Inputs 1 and 2 are selected in order to give an output of A = 

i ■ 

‘**x ~ '^co' inputs haye been arranged to account for the phase 
inversion introduced by mixer number four. 

■ 3.2.7 Data Collection 

The zero to five volt output from the phase detector is routed 
through coaxial cable to an analog-to-digital converter in the 
experiment controller. The output of the A/D converter is a binary 
word hanging between 0 and 255. This value is checked by the 
computer to assure that (1) the phase is not stewing faster than 









•7. Gircui t diagram of the four-guadrant 
phase detsc to** ‘ 
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tjhe phaselock loops can follow and (2) that the phase detector 
output Is not oscillating about the 360® - 0® discontinuity in its 
characteristic. If these checks indicate valid data, and if the 
receiver phaselock loop indicators show phaselock, and if the antenna 
il pointed correctly, then the data value is compared to the last 
stored value. If the difference is greater than 10.7® a new point 
is recorded on the computer's magnetic disk. 

' 3.2.8 Data Reduction 

Periodically the data are moved from the PDP-11 disk to 
magnetic tape. During this process a scale factor is applied to the 
binary word to convert it into a number from 0 to 999. This scale 
fajctor is a positive number thus no inversion is inserted. The 
magnetic tape stores data for phase, signal levels, status indica- 

■ I... 

tors, weather, and time. 

The tape is transferred to the IBM-370/158 where further proces- 
siig is applied to put the data in a more useable form. Again only 
positive scale factors are applied to the phase data. The final form 
of the bulk data is stored on magnetic disk in the IBM-370. 

: The plotting software accesses this disk and reads data values 

directly in time sequence. The phase data may be displayed as it is 
stored or it may be converted along with isolation data into a polar 
coordinate form. The polar coordinate transformation is 





X = (C - I)gos a : 
y = (C - I)sin A 

where 

I 

I = isolation in dB 



C = maximum isolation val-iie in dB . 


021 ) 



This transformation creates no phase discrepancies. 

3.2.9 Calibration of the System 

Signal level calibrations are periodically performed on the 
receiving systems to assure their accuracy. A phase calibration has 
bken performed on the 11.7 GHz system by using an 11.7 GHz calibra- | 
tion source and monitoring results through to final stage of data 
reduction. A phase calibration has been, performed on the 2S GHz— , 
system' at the 60 MHz IF frequency. 

The 11.7 GHz phase calibration procedure will be described. A 
stjable calibration source was placed on a hilltop approximately 2 
miles from the receiving antenna. Precautions were taken to prevent 
siignal leakage directly from the source. A linearly polarized horn 
was used to transmit because a linearly polarized wave can be 
considered to be compose^ df a RHCP wave and a LHCP wave with their 
relative phase detetmiinihg the tilt angle of the linear ■ wave. By 
rotating the linear transmitting horn (i.e. rotating the tilt angle) 




1 


the relative phase of the RHGP and LHCP components can be varied; a 
counterclockwise rotation approaching:] of the l|i nearly 

polapized wave corresponds to a phase delay of the LHCP wave. 
Measured values of phase shift corresponded to those introduced by 
rotating the horn. 

' _ I 

3,2.10 Data Display 

Figura-:,3-Sa throug]i_i-Se ilH^^^ the capabilities of the 

11.7:tTHz receiver and the data reduction system, The first four 
figures are time histories of a latie August, 1977 storm which 
occurred at about nine PM (local time) in the; evening. This was a 

relatively severe; stcrm as indicated-by the large peak rain rate and 

, ' ^ ^ i I : "I r ! 

the T2idB. fade at 11.7 5Hz. Thej dynamic range of the receiver is in 

e.\cess of 35 dB, thus the receiver was operating well within its 
optimum range. Figure 3-Sc shows isolation versus time and 
illustrates a characteristic increase in isolation 'at the beginning 
of a storm. This isolation enhancement iSj-due to antenna effects. 
Figure 3^d- shows a 40'" phase change at the time of the isolation 
incijease, but a much larger phase change occurs-. during the period 
of isolation degradation. A phase versus isolation polar plot 
covering the same period as the time histories is presented in 7^^ 
Figure 3-Se. 
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Figure 3-8b, Copolarized signal level. 
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Figure 3-8d. Phase versus time. 
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original 
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ISOLRTIQN V5 PHRSE 


Figure 3-8e. Phase "scatter plot", 


Figure 3-3. Data presentation from VPiasU 11.7 GHz 
satellite receiving system. The storm 
occurred at 1930 EST August 29 * 1977 . 
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CHAPTER 4 

COMPARISON OF THEORY AND DATA i 

I 

4.1 11.7 GHz Circular Polarization 

The polar plot presentation of phase and isolation is most 
ijndicative of the overall operation of a dual -polarized receiving 
system because the variables displayed are derived from the magnitude 
and phase of both the copolarized and crosspolarized signals. The 
isolation versus phase plot shown in the last chapter is representa- 
tive of many 11.7 GHz propagation events seen during the summer and 
autumn of 1977. Figures 4-1 through 4-7 illustrate four propagation 
events associated with moderately high rain rates and fades between 
8 and 13 dB. Figures 4-2 through 4-4 illustrate rain rate, attenu- 
ation, and phase for the event depicted in the polar plot of Figure 
4-1 . The correspondence between rain rate, fade, and phase are 
obvious from these plots. Close inspection shows that the propaga- 
tion effects occurred as much as 30 minutes before any ground rain- 
fall was recorded. 

I — Immediately apparent in the polar plots are the wide scatter of 
data, the large absolute phase change, and the spiral effect caused 
by a phase advance with decreasing isolation. Canting angle 
changes and antenna effects are almost certainly factors in the 
phase changes observed, but neither one taken separately (nor 
possibly both together) can totally explain the observations. 

Figures 4-8 and 4-9 are reproductions, of two of the events 
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Figure 4-1. liTv7 GHz phase data showing 
characteristic spiral effect. 
The storm occurred at 1300 EST 
August 13, 1977. 
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Figure 4- 
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. Typical 11.7 GHz phase data with maximum 
theoretica 1 predi cti on bounds. 
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already shown, but the maximum bounds on imperfect antenna effects - 
are included. An antenna axial ratio of .4 dB (representing a 
conservative interpretation of the manufacturer's measurements) was 
used to compute the bounds. The bounds were drawn at an angle 
(representing the system constant phase difference) in order to 
include as many data points as possible. These error bounds look 
different than those shown earlier because of the difference in 


scales. 


As previously stated these bounds are for the worst possible 
case, it is likely that the bounds for a practical system would be 
rjeduced because the transmit and receive antennas will have matched 
tilt angles. Furthermore because the antenna error depends upon 

" 4 * 

the relative angle of the vectors D and U in Figure 2-18 and because 
ijhese vectors are slowly varying either the positive error bound or 
t|he negative error bound should be used, but not both. Therefore 
it is necessary to account for the large scatter in the data^^^ 
other factor. 


Recalling the theoretical expression for efosspolarized phase 


J = 129 + tan-1 z2esinjiL 


apd recalling that the inverse tangent term is affected only 
slightly by the propagation parameters, it is therefore very likely 
that the ±2e term accounts for the wide scatter in the phase data. 

It has been shown that the canting angle oscil lates about a mean and 
that an oscillation of up to 20° is 1 ikely [11]. This will account 
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PHASE zm 

Figure 4-10. 

TTt 7 GHr phase data wi th=antanna error 


bounds showing ciuster of points near A 
which lies outside the bound. 
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Figure 4-1 I. 


Attanuation jMci ohase data coverina the sain 
.ime pen this shows the 

^mari attenuaLicrv experfencs^d du 
ini t la I depol ari zation . 





covering the same time period as that of Figure 4-10. It is seen 
that a relatively low attenuation of 1 to 3 dB occurs during this 
period of depolarization. Ice crystals in the path can account for 
this type of behavior [7]. 

Storms typically traverse the 11.7 GHz path perpendicularly. 

Many of the more severe summer storms are characterized by a large 
expanse of clouds at a high altitude. This is illustrated in Figure 
4-12. This high altitude portion of the stom possibly contains ice 
^nd as the storm progresses, the path intersects this portion of the 
stpm first causing the observed data. Later in time the rain 
dominates the propagation and the large decrease in isolation is seen 
along with an additional phase change. 

A variation of this concept assumes no ice. Brussaard [13] has 
stated that the raindrop canting angle is dependent on the vertical ^ 
wind gradient and that the raindrop canting angle can change by 
almost 20° in its last 200 meters of fall. Assume that at the 
beginning of a rain event the satellite-earth station path inter- 
sects the high altitude portion of the storm where raindrops are 
Only slightly canted. Later, as ground rainfall begins, the drops 
through which propagation occurs are more severely canted due to low 
altitude wind gradients. A 20 ° change in canting angle could account 
■fjor the 40° change in phase from points A to B in Figure 4-11. Low 
altitude rainfall propagation effects later dominate causing the 
data from B to C. Figure 4-12 also illustrates this effect. 

Typically, ground rainfall begins a substantial amount of time 




BLACKSBURG 
EARTH STATION 


GROUND RAINFALL 


Figure 4-12. A typical rain storm at the 
VPI&SU earth station. 
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after an isolation-attenuation event commences. This would tend to 
substantiate the above arguments. 

The satellite transmits a RHCP wave which means the 2d term in 

j ^ ^ 

the a phase equation (122) carries a negative sign. In order for ' 

the phase to advance the canting angle must move in a negative 
direction. Assuming a zero canting angle at high altitudes the 
prevailing winds in Blacksburg are from the direction required to 
force a negative canting angle at low altitudesv again substantiating 
the above arguments . 

Figures 4-13 and 4-14 show some unusual propagation events that 
\yere observed with the 11.7 GHz system. Figure 4-13 shows an event 
in which the phase appears to spiral in the predicted direction. 

(^lose inspection of the data indicates that the corresponding fade 
was only 2 dB, thus the polar plot probably covers just the beginning 
of a typical sunnier storm that did not materialize. This plot 
represents only the "cluster" of points discussed previously. 

Figure 4-14 illustrates the effects of snow. This plot covers 3= 
five hour period of relatively heavy snowfall in January. It is 
not certain whether there was snow accumulation on the antenna at 
this time but the data does not shdvv the typical characteristic of 
snow accumulation. 

I The most outstanding characteristic seen in all of the 11.7 GHz 
circularly polarized propagation data is the wide scatter of the 
data. This is largely due to canting angle changes, either absolute 
changes or oscillations. The exact nature of the change is less 
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Figure 4-1 




3. 11.7 GHz phase data associated with a 

2 dB fade. The storm occurred at 
1100 EST July 24, 1977. 
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important than the 2e phase change that occurs. 

A cancellation system which relies on an unchanging phase is 
adversely affected by the variability of the phase of a circularly 
polarized wave. It is for this reason (among others) that linear 
polarization should be favored for satellite communications systems. 

4.2 28.56 GHz Linear Polarization 


This section presents and briefly discusses phase and isolation 
ddta observed using the 28 GHz linearly polarized system. As with 
the 11.7 GHz data, the 28 GHz data presented exhibits a particular , 

characteristic that is common to a large percent of the individual 
events. The characteristic is due more to the polarization than 
frequency, though. 

Figure 4-15 is a polar plot of isolation versus phase for an event 

which occurred late one evening in August. The particular phase 

blehavior seen here is representative of the bulk of propagation 

events. This was a severe storm as evidenced by the 25 dB fade 

shown in the storm time history. Figure 4-16. It should be noted that 

the receiver did not loose lock during this storm. Loss of lock 

would be indicated by a gap in the time plot. 

I The computer software used to control the experiment requires 

that a 10.7° phase change occur in order to record a new data value.* 

This causes the recorded data to assume positions along a nearly 

Straight line. If all phase changes were recorded the data points 

would show slightly increased scatter but would be centered about 

* This is necessary to keep small phase changes from rapidly filling 
up the computer memory. 
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Figufe 4-1 


5. 283^^ GHz phase data showing a characterTStic 

small phase change. The straight line 
effect is because of the method of computer 
data storage. The storm occurred at 
1430 EST August 





UiiiGJiv AL ii-- 

OF POOR QUALITY 



Figure 4-16. 


Copol arized signal 1 evel for storm 
presented in Figure 4-15. 







- 126 - 


the same region. 

I Figure 4-17 shows data from a typical 28 GHz depolarization 
event. The theoretical phase bounds are also included in the figure 

I : ^ ' ^ ^ ' ■■ 

to show that in this case, as in most, the observed data falls with-ih 
the' prediction bounds. 

Figure 4-18 illustrates another summer event associated with, 
in this case, a 12 dB fade. A considerable degradation in isolation 
and a larger than normal phase change are indicated in the figure. 

Figures 4-19 through 4-21 show data from an early winter rain 
storm. The rain persisted for a three day period of almost continuous 
light rain intermittently increasing to higher rates for brief periods 
cjf time. During the first day (Figure 4-19) a maximum fade of 15 dB; 
was experienced. The polar plot shows very typical behavior. During 
day two (Figure 4-20) a maximum fade of 20 dB occurred and the 
receiver lost lock briefly during some prolonged fades. The polar 
plot shows the bulk of data lying near the 160° value with some 
scattering of points probably caused by the receiver intermittently 
loosing lock. During the third day (Figure 4-21) a considerably 
higher average rain rate occurred with some periods of prolonged 
receiver loss of lock. The polar plot shows a wide scatter of points 
most likely due to receiver problems. Still the bulk of data is in 
the vacinity of 160°. 

Figure 4-22 shows another early winter rain event where the 
data shows a larger than normal scatter. Again the bulk of points 
lie near the predicted values. An 18 dB fade was experienced during 
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Figure 


-17. Typical 28.56 GHz phase data with 
max im um theoretical p r ed i c t i on 
bounds. The storm occurred at 
1700 EST Seotember 6, 1977. 
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Figure 4-13. 


28,56 GHz phase data showing a larger 
than iioriTial phase change wlTich was 
associated with a severe depolari- 
zation event. The storm occurred 
at 1930 EST August 29 , 1977 v 
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Figure 4-21. 28.56 GHz data covering a one day period. 

Periods of prolonged receiver unlock 
contribute to severe scatter of data. 

The storm occurred all day December 28, 
1977. 
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this event. 

Many more events could be shown where the crosspolarized phase 
remained within 10° of its average value. The most dominant 
behavior exhibited with 28 GHz linear polarization is the small 
phase variation. This is attributable to the slight canting angle 
dependence of phase with linear polarization. Such stability is a 
positive aspect if a cancellation systan is being considered. 
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ELIMINATION Of OKOSSTAIA OAUSLP PI 1'0LAIT1:AT ION 
5.1 Pisi'ijssion 

It has hot'M stati'J that pivoipi tat ion «,ltMraOos tho portonnaiuo 
of microwavo oonriunioat ions links oporatino ahovo 10 OHr. I'rooipita 
tion offoots inoliiJo Oopolarirat ion aiui attonuation of which only 
tho prohlom of attonuation has a rolativoly st ra i oh t forward solution 
Lai'oo antO!inas aiul sonsitivt' rocoivors proviso s_\sti'(ii mar<]in to 
allow for rain attonuation hut Oopol aricat ion is not affoctovi h> 
systi'iti niaroin aiui nono of tho classical iiu'thovls of incroasino tho 
maroin aro ot holp. Sovoral mottuvls aro availahlo to oocroaso tho 
offocts of dopolari.'at ion. thouoh. aiul tho,\ will ho Oiscussovi in thi 
chapter. In tho Josion of such Jopolaricat ion civipi'iisat ion s\st»'iiis 
attonuation must ho consiviorod tv'r if is of no usi' to iiiaint.iin hivdi 
channol isolation hosoiul tho point in which a f.ulo has disahlovl tho 
ci'itimin icat ions link. 


5..’ SystiTis 

A nuiiihor of methods ha\o ht'on proposed for incroasino tho 
channol isolation on a dual-polaricod conmujiiicat ions link durino a 
rain o\oiit [1;M‘J,.'P]. Ihi'st' methods fall within two hasiv- 
catooorios, the us«' of polaricat ion ’latchino antennas, and 

the use ot cancellation systems. T!ie pol.iri.Mt ion "atchino 
antenna oonerallv has devices in the circular waveouide ahe.id of t )io 
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orthomode transducer (OMT) that provide a differential phase and a 
differential attenuation exactly opposite to that of the rain propa4 
gation medium. The magnitude of these variables and the physical 
angle at which they are applied are adjusted so that the waves 
entering the OMT are orthogonal. Although not a requirement of this 
technique, all proposed systems of this type use a real-time computer 

to search for and maintain the correct feed network adjustment. 

i 

Tl^is results in a fully adaptive system. The advantages of this 
system include (1) some of the waveguide components needed already 
ekist in most feed networks, and (2) the system performance is good. 
Some disadvantages are (1) the possible increase in system noise 
temperature due to the increased feed complexity and (2) the large 
expense involved. 

An alternative crosspolarization compensation scheme is the 
cancellation network shown in Figure 5-1. This network is inserted 
at some point after the OMT. The principle of cancellation has 
leen known for years; the sum of two equal amplitude sinusoids which 
are 180° out of phase is zero. This cancellation system may be 
inserted before the low noise amplifier (LNA) but the couplers and 
attenuators will increase the system noise temperature. If the 
receiver components are of high phase stability and if care is taken 
in the design of the system, the cancellation network may be placed 
after the LNA or in the receiver IF section. This system can be 
made fully adaptive by providing variable attenuators and phase 
shifters control led by a real-time computer. If implementation at 


I 


ri.'n r 




ORIGINAL PAGE IS 
01^ POOR QUALITYI 


Channel A 




Directional Coupler 


Channel B 


Figure 5-1 . A general cancellation network which can be 
inserted before or after the LNA. 
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RF| is desired various ferromagnetic and PIN-diode attenuators and 
phase shifters are available [21]. Many of these are well suited to 
computer control. Advantages of this system include its simplicity. 

; Both techniques are applicable to an uplink as well as a down- 
link by applying, in effect, a predistortion to the wave which will 
be! cancelled by the rain propagation medium. Both systems require a 
crliterion for adjustment on both the downlink and uplink; i.e. the 
systaTi controller should known on what basis to judge if an adjust- 
ment is necessary. 


5.3 A Simple but Effective Cancellation System 

Work has been done on the fully adaptive systems discussed 
pr ev iously and practical systems have been developed [22]. These^^^^^^^ 

systans are somewhat comple,\ and e.xpensive and are ttrerefore Suited 
to the large high volume earth station. 

' The purpose here is to propose a simple, ine.xpensive systan 
that will be useful on the small domestic or private earth teniiinal. 
The fully adaptive systans can maintain isolation above an acceptable 
le\|el for a large percent of the rain events: that occur. No such 
claim will be made about this simple system but this system will 
provide improved performance during a significant amount of time 
that would otherwise be down-time. 

The systan consists of a cross-coupled cancellation network of 
the' type previously discussed. One arm of this network is reproduced 
in Figure 5-2, The operation of a single arm is sufficient to 
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describe the operation of the total system. Neglect the signal in 
channel B for the moment and consider that channel B. contains onl^ 
the crosspolarized component of channel A. The crosspolafi z'ed^ 
component is undesired. 

Total cancellation of the undesired component requires that the 
tltal attenuation a, + a, + a^ and the phase shift be continuously 
changed in order to follow the changes in rain propagation conditions. 
The circuitry required for this can become exceedingly complex. 

f' ' Several simplifications can be made to reduce the system 
complexity considerably. If enough is known about the characteristics 
of the crosspolarized signal level and phase, the attenuation a + a, 

d I 

+32 and the phase ^ can be preset accordingly. Also if total 
cancellation is not required (say the acceptable minimum isolation 
is X dB) the values of a and ^ can be fixed at an optimum point and 
isolation can-be maintaTned higher than X dB over a large range of 


' ^ ■ 

inputs. 

With linear polarization it has been shown by theory and experi- 
ment that the crosspolarized signal phase will change very little 
during the progress of a rain event. This is illustrated in Figure 
5-3 for 11.7 GHz and e = 45°. It- has also been shown that the cross- 
polarized phase and signal level are very closely correlated during 

I . 

a majority of propagation events. Therefore in a simple cancellation 
system such as the one being proposed the attenuator and phase shifter 
are set to a value, based on theory or previous-measurement but c 
remain disconnected from the system until the isolation falls below 
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a threshold value. This provides a two state cancell atioFs^^^^^^^^^^^ 
the two states being on and off. 

Instead of an off state, certain advantages can be realized by 
cancelling the crosspolarization due to antennas along with any other 
incidental clear weather crosspolarization. The clear weather 
isolation can be increased to a very high level ^ by this method and 
the antenna phase errors can be eliminated thus enhancing the perfor- 
mance of the second cancellation state. 

5.4 Analysis of the Two State System 

In this analysis it is assumed that either perfect antennas are 
in use or that a clear weather cancellation state has already been 
applied. If this is not the case there will be errors in the cross- 
polarized phase and signal level that will degrade system performance 
but these errors will be small at low isolations where the perfor- 
mance of the system is most critical. 

Figure 5-4 shows an approximation to isolation as a function of 
path rain rate for an 11 GHz linearly polarized wave, a canting angle 
9 = ' 45 °, and the Blacksburg IT. 7 GHz effective path length. The 
relationship (82) ' 


■1 

This clear weather enhancement has applications to prop ag ation 
research systems [23]. With very high clear weather isolation ^ 
very low levels of rain generated crosspolarization can be measured. 
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Figure 5-4. TheoretiCvil isolation versus rain rate. The 

indiGatas a possible thresHoid t’or^^^a 
vcatTcel i a ti on system . ' 
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where 


page is 
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was used to generate the curve. 

This curve also represents the crosspolarized signal level (in 
dB) normalized to a copolarized signal level of 1 (0 dB). Therefore 
this curve gives the amount of copolarized signal that must be fed 
through the cross-coupling arm in order to obtain full cancellation. 

, -Assume that 25 dB is the threshold isolation below which the 
link will not operate. This is indicated by the point T in Figure 

I 

5-4. The crosspolarized signal level at this point is known and 
its phase is known by the equations developed in Chapter 2. 


A = tan“^ { 


-e 


-aL 


sin bL( 1 + cot^ e) 


e"^“^ cot^ 0 + e"“^ cos 3L{1 - cot^ e) - 1 


•} 


(124) 


This phase is shown in the polar plot of Figure 5-3. 

The cancellation network with 25 dB total attenuation and 
A + 180° phase shift is switched in at this point. Near perfect 
cancellation occurs, but as rain rate increases the level of cancel- 
lation becomes less sufficient and perfect cancellation no longer 
occurs. A substantial improvement over a large range of rain rates 
has been achieved, though, and it will be at a much higher rian rate 
that the isolation will again fall below 25 dB. 

An improvement to this system can be made by injecting a cancel- 
lation signal which is twice the magnitude of the interfering signal 
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and 180° out of phase (at the threshold point). The isolation will 
not be improved at this point, but it will improve as the cross- 
po'arized signal magnitude increases with increasing rain rate. The 
isolation will increase through a maximum then begin to decrease 
again. The point where isolation falls below the threshold of 25 dB 
will be moved to a singificantly higher rain rate. 

Figure 5-5 is an illustration of the expected performance of this 
systan with a 25 dB threshold. Also shown in this figure are the v 


isolation without cancellation and the isolation with a cancellation 


network having a 20° phase er'ror. As can be seen, the errors are 
small at high rain rates where performance is most critical. 

I An average improvement in isolation of 5 to 10 dB has been j 

accomplished, but more improtant is that the system threshold (25 
dB) has been moved from a r'ain rate of 5 nim/hr to 25 mm/hr (~ 18 mm/hr 
with a 20° phase error). If this system could stand a 22 dB 
isolation, the threshold point has been moved from 8 mm/hr to 35 
mm/ hr. 


f. ■ 

Figure 5-6 illustrates the performance of a system which was 
designed for a 22 dB isolation threshold. By switching in the 
cancellation network later during the progress of a storm much can 
be gained at the higher rain rates. In this case isolation has 
been maintained above 22 dB for rain rates in excess of 50 mm/hr. 

Of course a system with a margin of 6 to 10 dB would probably 
be disabled due to the fade caused by. a 50 mm/hr rain. There 
the higher thresholds are advantageous. An optimum exists for each 
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particular system with its given fade margin. 

I The weather characteristics at the location are also important. 

If the location rarely experiences high rain rates and if the margin 
accordingly, then depolarization is the dominant factor 
|n limiting performance. Figure 5-7 illustrates the isolation of a 
system with a 30 dB threshold. The cancellation system moves the 
30 dB isolation point from 2.5 mm/hr to 10 iiin/hr. This example again 

f- 'y - - 

emphasizes that the optimum design is determined by several factors 
particular to a given earth station. 

The concept of the two state cancellation system may be extended 
tjo three or more states. For example, a third state is switched in 
when the isolation with state two in effect again reaches the 


threshold. Figures 5-S through 5-10 illustixate the performance of 
such a system with 28, 31, and' 34 dB thresholds respectively. Also 
i|)cluded in these figures is the isolation without canceTlation. 

The optimum threshol d for swi tchi ng i s again relati ve to the si tuati on 
at the particular earth station. , 


5,5 Criterion for Switchinq 


It has been assumed that the canceTlation network would be 
switched in when the isolation reaches a threshold value. This is 


easy to measure and implement if a beacon signal is available, but 


this requires a dedicated channel in the receiver and |an extra . 
carrier on the satellite transponder . Othw possibilities exist for 
control. It has been shown that by minimizino the total power in a 






[■: r-'l 



' T 



- 149 - 




I 

taco 


"T 

i&m 


“T 1 --—I I Y II II 

mao mm 


RflIN RATE 


aam 


I j 1 

^00 mco mm 



Isolation with cancellation 
Isolation with cancellation and 20" 
Isolation without cancellation 


error 


Figure 5-8. Isolation with a 28 dB threshold 
three state cancellation system 
showing improved performance. 
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Figure 5-10. Isol at ion with a 34 dB threshol d 
three state cancellation system. 
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channel that the interference is also minimized [24], Therefore the 

] 

total power in a coiimuni cations channel could in some way be used as 
a criterion. Another approach is to place one or more raingauges 
under the path within several kilometers of the earth station and to 
switch the system at given rain rate thresholds [25]. A problan with 
thijs scheme is that a time delay between ground rainfall and rain in 
the path often exists. The fade measured with an AGC voltage is 
another possible criterion for~swtte^ possibilities 

of this type exist and many could be implemented with small expendi- 
tures. 

■ 5.6 Polarization Angle 

The polarization angle of the incoming wave relative to the 
raindrop canting angle has an effect upon the isolation and cross- 
polarized phase. Depolarization is reduced when the angle 6 is near 
0° or 90° but the variable nature of the canting angle eliminates 
using this fact to improve system performance. Also a linearly 
poilarized wave transmitted by a satellite arrives at different 
angles relative to the local horizon at different locations on the 
earth's surface. This further eliminates transmitting with an 
optimum polarization angle. 

'The possibility exists that for many polarization angles the 
crosspolarized signal in channel B will be different in amplitude 
and phase than that in channel A since differently polarized waves 
propagate through the rain differently. If the polarization angles 








are known the difference in propagation can be included in the design 
of cancellation hardware. 

5,7 Implementation 

The multi-state cancellation system need not be implemented by 
separate cascaded networks, although this technique will work. A 
single cross-coupling network with switchable elements is the simpler 
method to construct such a system. Elements can be switched in 
parallel or series such that their phasor sum yields the desired ' 
result. 

This system can be installed in the RF section of a system by 
using waveguide components or it may be installed in the receiver IF 
section. If cancellation is applied at IF it must be assured that 
both receiver channels preceeding the cancellation network exhibit 
nearly identical phase characteristics. 

5.8 Performance Expectations 

Perfect isolation cannot be maintained with this simple system 
but as the figures have indicated a substantial improvement can be 
realized. Several hundred dollars for this system can buy between 
5 and 10 dB improvement in isolation over a reasonable range of 
rain rates. This several dB may mean that a system is down during 
only a fraction of the time that it would otherwise be disabled. 

As seen in the linear polarization data in Chapter 4 some 
propagation events do not conform to the large bulk of data or to 
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the predictions. A cancellation systan could likely be defeated in 
these cases. It is unlikely- that any condition could arise in which 
the isolation with cancellation is worse than that without. A much 
larger phase change than that seen in the data must occur. 
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CHAPTERS 

rr= CONCLUSION 

The questions stated in Chapter 1 of this thesis were, (1) what 
can the phase indicate about the propagation medium, (2) is there a 
desired set of conditions to enhance the use of cancellation, and 
(3) how will phase variations affect cancellation? All of these 
questions have been answered; let us consider them separately. 

First, the phase of a circularly polarized wave is directly 
dependent upon the canting angle of the raindrops in the medium. 
Circularly polarized radars use this fact to study a rain medium and 
circularly polarized satellite beacons can use this to provide 
additional information about the medium. It is imperative that 
antenna errors be eliminated if research of this type is to proceed. 
The static (clear weather) cancellation system^^^^^^c^^ reduce antenna 
errors to near zero and additionally provide improved isolation 

measurement capability [23]. f-; 

!■ 

Second, linear polarization is an obvious answer to the question 
of what type of polarization to use. Research has shown that linear 
polarization has superior depolarization properties [27] and lE has;-'^ 
been shown in this thesis that linear polarization is well suited 
for use with cancel lation systems. Furthermore polarization angles 
near 0° or 90° (relative to the local horizon) show decreased 
depolarization. 

Third, phase variations in the crosspolarized wave will not 
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affect a fully adaptive cancellation system because the system will 
compensate for the changes. The system must be designed such that it 
can track fast phase changes that might occur [28], A two or three 
state simple cancellation systaii will be degraded by phase errors 
but an allowed error of 30° to 45° will still provide some improve- , 
ment. Larger variations will probably disable a simple system. 

The phase has been a subject treated very briefly in the 
literature. It is hoped that this Work will add sOiiie new insight 
into the problem and possibly encourage more needed work on the 
subject of phase and cancellation techniques. 
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APPENDIX 1A 


PROOF THAT V « E • e * FOR CIRCULARLY POLARIZED WAVES 


Given a RHCP wave 


(R + jS) 


and a LHCP wave 


(L + jM) 


the sum of these waves is 


R + jS + L + jM 


HjR + S + jL - M 


|R + L) + j(S + M) 


(S - M) - j(R - L) 


This vector represents an arbitrary ell iptically polarized wave. In 
order to extract the RHCP and LHCP Components the complex vector 
formulation ;is used, , 


V = CE . e* 

3 ^, 


ORKxlIMAL PAUK R 
OF POOR QUALITY 
















ii 

II 


[{R + L) + (R - D] + j[(S + M) + (S - M)] 
^ C ^ (R + jS) . 

A similar procedure yields 

Q;E.t>.:::^^ ;i 


(A-8) 








original page is 

OF POOR QUALITY 
APPENDIX IB ! 

DISCUSSION OF THE V = I • e * FORMULATION 
IB.l Introduction 

Several mathematical formulations exist for wave-antenna inter- 
action which may be used to calculate the magnitude of an antenna 
teminal voltage or the received power [14,29]. When both magnitude 
and phase of the terminal voltage are required the complex vector 
formulation must be used [30]. In this formulation the incoming wave 
and the antenna polarization state are represented by complex vectors. 
The antenna phasor voltage is given by i 


V = cl • %* (A-10) 

r 

where 

T = the phasor voltage at the antenna terminals 

E = E X + E y - a complex vector representing the 
y i 

incoming wave in its own coordinate 
system 

i ; ■ ; „ , ' 

x + Cy e'' y = a complex vector representing the 
aritenna polarization state in the 
coordinate system of the incoming 
wave 


{ 


t 
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e , c are real numbers such that e 2 + ^ 2 - ] 
X y X y 


C = a constant representing the antenna effective height 


the indicates the vector dot product 


the indicates the complex conjugate , 


Sometimes an equivalent form of the complex vector formulation 
is seen in which the wave and antenna states are represented as one- 
dimensional matrices. 


V = e[E]’'[e^ }* 
, ^r 


(A-n) 


where 


[E] = 


] - 
r 


The "t" indicates the matrix transpose and the indicates the 
complex conjugate of the matrix. It is immediately apparent that the 
complex vector representation and the matrix representation are 
identical. Henceforth the complex vector form will be used. 

When used properly these equations yield correct results, but 
this involves several constraints that are not initially obvious^ 

The antenna polarization state, e, , is usually defined by the wave 

a ^ ■ 

that the ahtenna transmits , whil e the above rel ations require that 

. ' ' ' 

the receiving state, e, , be used. An antenna is a reciprocal device 
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meaning that if it transmits a wave with a given axial ratio and tilt 
angle it will respond optimally to a wave with the same orientation 
in space. This wave to which the antenna responds optimally is not 
necessarily of the same polarization as the one that it transmits. 

This is because the waves are travelling in opposite directions and 
different coordinate systems are employed in defining their polari- 
zation state. Therefore a coordinate transformation must be 
performed before the complex vector formulation may be used. The 
complex conjugate appearing in the equations does not accompl ish the 
transformation. 

The placement of the complex conjugate is a point worth consider- 
ation. If the conjugate is placed on the wave state rather than the 
antenna state the resulting voltage is of equal magnitude but opposite 
fjhase. There is no immediately obvious reason for placing the 
conjugate on one member or the other. This point is not directly 
addressed in the literature, and this coupled with the fact that the 
absolute phase of a voltage is usually of little importance raises' 
some suspicion about the validity of phase calculations. As it turns 
out? the placement of the conjugate is correct . This and the ques- 
tion of the coordinate transformation will be discussed in detail 
.r 

below. 

I It is necessary to establish and adhere to coordinate systems 

and conventions in calculations involving wave-antenna interaction. 

; : :: :i : 

The standard convention used here consists of an xyz right-handed 
system with the positive z-axis in the direction of propagation. 






i 
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i I 
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Tills is iniistrated for a general wave, a wave leaving a transmitting 
antenna, and a wave incident upon a receiving antenna in Figures A-la, 
lb, Ic. Figure A-lb also represents the transmitti ng antenna coordi - 

I.. : 

nate system and Figure A-le represents the receiving antenna coordinate 
systan. 

IB. 2 The Conjugate 


Consider an antenna which can be represented by two elaiiental 
antennas A and S which are individually matched to orthogonally 
polarized waves, and some kind of a feed network that combines the 
outputs of the elements. This antenna is illustrated in Figure A-2. 
The antenna state is defined by the type of wave that it radiates. 

i 

Establish a unit vector a which representSi the polarization state of 
antfenna element A and a ivector b which represents the state pf, 
antenna elaiient ,8. The unit vectors are orthogonal ami fixed in 
their spatial orientation. The radiated field at plane M in the far 
field is then 


e' = a a + B b . , (A-12) 

Consider the phase of # and the phasp;^^^^^^^^ F , a and tj respectively. 
Sa\l a is greater than p. Upon receiving this antenna is matched:- to 
a wave which has an a less than u by the same amount [31]. This,is“' ’ 
essentially a statement of the fact that an advance for a wave travel- 
ling in Olid direGbion is a delay for a wave tv>a veiling in the 
opposite direction.;! : 



Figure A-la. Wave coordinate system. 


as 



Figure A-lb. Transmitting antenna coordinate system. 



Fi gur e A-1 c . Recei ving antenna coordi nate“ system. 


Figure A-1. The definition of coordinate systems 
for waves and antennas. 
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This property is illustrated by examining two dipoles, one 
vertical and one horizontal spatially separated by A/4 and fed with 
irj-phase voltages as shown in Figure A-3. The transmitted wave has a 
vertical component which lags the horizontal component by 90°. Upon 
receiving the incident wave must have a vertical component which leads 
the horizontal component by 90° in orderj to have constructive iddition 
of the voltages at the feed point. 

j‘ The case shown in Figure A-2 is completely general. The ortho- 
gjonal horizontal and vertical, polarizations in the example of Figure 
A-3-are special cases of a and._b orthogonal polarizatlonsH in the 
general case. 

Considering now the general case of Figure A-2, the transmit wave 
of the antenna 

e^, ~ A s +'',:B.,b 

= |A| eJ a + ifpeJ g , ,.,.(^.,3, 

defines^^^t^ polarization state of the antenna according to convention. 
The phases of the components are 

, : : ; : ;"'l . ^ / ■ 

. PhaseCA} = 

■ Phase/B’} = g 

and the relative phase is 



{ ' Figure A-3. The properties of an antenna upon 

j ^ transmitting and receiving. 
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' In the receiving case the required condition for the antenna to 
be polarization inatdi to the wave is that the relative phase must 
equal --Ji. This is satisfied by 

^ / i 

= ( -PhaseiB ) - ( -PharSolB 1 ) . (A-16) 

' i. 
i 

Therefore the wave to which the antenna is polarization matched on 
receiving is 

I 

= |t| e-J ; + HI e-j b I 

= A* a + F* b i 

= e* . {A-17) i 

This vector represents the antenna state upon receiving. The antenna 
state upon receiving is defined as the wave state to which the antenna 
is optimally responsive and is the conjugate of the transmit antenna 
state. 

The dot product of the incoming wave vector and the receive ^ 
antenna vector is proportional to the terminal voltage, 

V = CE • e* . (A-iai 

a 

; ' -I ■ , ' V ^ 

This is the complex vector representation. 

It is essential to remember that the a and b vectors form a 
coordinate systaii to which all waves have been referenced. However' 
the nornral circumstance is that the same coor'dinate system is 
used to define the incoming wave and the antenna state. This is 


i 


-ir: r: rin'’T 


r: ^ 

especially important to realize when the conventional polarization 
state parameters e, t, Y, and '4 are defined for a wave in its own 
coordinate system and the coordinate system is then suppressed. 

iB.3 The Coordinate System 

The wave state and the antenna state must be represented in the 

■ , , ,i ! ■' : , ' 

same coordinate sy^te^n in drderito use the compT^e^^^^ vector formula- 
tion [30]. Any arbitrary system may be used but since coordinates 
have already been defined for the incbming wave and for the antenna 

I 

transmitted wave it is logical to use one of these. The coordinate 
system of the incoming wave will be used, thus the antenna coordinate 
system must be transformed. 

In ell of the disi-issions to foTlow in this section a reference 
point at the antenna feed isi for all aoso e phase values. 1 

The wave will be decomposed into two orthc nal polarizations.' 
The most general case is two'orthogG"al enipticaf polarizations, but 
in this discussion the wave is to be decomposed into orthogonal 
linearly polarized waves. These two pol an'zations are used to 

establish an x-axis and y-axis respectively. These x and y axes 

, : . ^ ; i 

must form a right hand coordinate system with z in the direction of 
propagation. 

The incoming wave coordinate system is established first; then 
the antenna coordinate system is defined with the y-axis in the same 
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direction as the y-axis of the incoming wave coordinate system as 

illustrated in riggre A-4. 

' . .. ..1 ■ 

transformation of the antenna coordinate system requirejs a 

■ I ■ , ^ ! ■■•■■-I 

reversal of the positive x-axis and reversal of the direction of 

■ i', ;■ 

propagation. The x and y axes of the antenna coordinate system and 
the transfontied coordinate system are also shown in Figure A-4 where 
the transfonaed coordinate system is also the coordinate system of 
the incoming wave. 

Phasor fields from the antenna (while transmitting) as they 
appear in a reference plane in the far field are shown in Figure A-5a 
where the absolute phase of the fields is referenced back to the feed 
terminals of the antenna. The relative phase of the two component 
fields (which are along the positive axes in the antenna coordinate 
systeiir) is 

In the coordinate system of the receiving antenna a sign change 
1s necessary on the x-a.\is wlviciv translates to a 180' phase change in 
the \ -component of the wave. This is illustrated in Figvrre A-rb 
where the angle a" is the relative phase of the ot'thogonai components 
(sti 11 from the antenna while transmitting) along the positive axes 
of the tra ns fo nned coordinate sy 5 teiii. 

Now referencing ahsoTute phase back to the conimon phase reference 
point of the antenna feed recall that the antenna upon receiving 

' The antenna coordinate system could^^^^^b defined wi th the X-axis in 
the same direction as the x-axis of the wave coordinate system 
wi th equivalent 
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F i vjut'O . Tfie change in ccoivi inate system 

between transiiiitti ng and receiving. 







Figure A-5a. Transniitting, 


Figure A- 5b. Receiving 
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Figure A-5c. Receiving 

Figure A-5. ftias or fields relgted to transmi 
and receiving. 
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will be optimally responsive to a wave with phase of -5'. This is 
Illustrated in Figure A-5c wherie is called From the figures 
it is apparent that the coordinate transformation has resulted in 

6^ = -6* = 180° - 6 . (A-19) 

Using the definition : 

|E li 

, Y = tan-1 -r^ (A-20) 

it is noted that the x-axis sign reversal in the coordinate trans- 
formation has no effect on y. Therefore 

Y^-' Y -x:. ■ ' y ■ : : ;(A-21) 

Using equations relating 5, y, e (the inverse cotangent of the axial 
ratio) and t (the tilt angle of the polarization elTipse) it is found 
that 


*Cr = sin-1 (sin 2 y^ sin s^) 

= -I- sin-i(sin 2 y sin(180° - s)) 
= i sin-i(sin 2 y sin 5) 



r- t; 1 

i 


rm'i 1' 
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^ ^ tan'Mtan 2 y^ cos 6 ) 

= tan- 1( tan 2 y Gos(18a- -J6)) 

1 ' i 

= ^ tan" i( tan 2 y(-cos 5)) 

1 

» - ^ tan~Ktan 2y cos d) 


-h 




T i 


a 

' t t ' ^ 

:f..J ji 


I! 


= 180“ - t 


(A-23) 


Therefore the coordinate transfoririat ion that must be performed 
in order to use the formulation 


1 i 


V - CE • e * 


(A- 24} 


IS 


= 180° - 1 


£ • e 

r 


(A-25) 


or 


d^ = 180" > d 

Y = Y 

r 


(A- 26) 


where the r subscript indicates antenna parameter transformed to 
the new coordinate system. 

It might |Seem as though referencing phase: back to the feed termi- 
nals has duplicated the process of conjugation in the complex vector 
formulation. This is not the case ! The use of the feed reference i s 
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necessary because of the conjugate appearing in the formulation. In 

I 

a later section a method will be presented which eliminates the 
conjugate and the feed reference point. 

I An example will now be presented to illustrate the use of the 
complex vector formulation. This example is presented as a verifica 
tion of the foniiulation, not a proof. Since the intention is to 

r 

verify the correctness of the voltage phase angle magnitudes will be 
suppressed. 

IB, 4 Example: A Linearly Polarized Wave and 

Circu^arly PQlarized Antennas 

Shown in Figure A-6 are a RHCP -antenna, a LHCP antCnna, and an 
irjcident linearly polarized wave. The ah tennas are crossed dipoles 
fed 90'^ out of pharse. Ttie incident wave is at an angle of 45‘’ in 
its coordinate systa!! (see inset} bpt it appears to be at ISS'-’ as 
viewed receding. 

Also shown are the induced voltages in each dipole at the feed 
points and the suiir voltage at the feed points. Tin’s indicates that 

^RHCP \hCP 

The complex vector representation of the wave is 

and that of the RHCP antenna is 
®RHCP ’ - j>') 











, jijt 


and that of the LHCP antenna ii 


'LHCP “ ■*■ • 


(6~ = +90'’) 


Performing cpordinatetransfonnations on;the antenna 


states yields 


'RHCP ^ ‘ jy) 

r 


{<5^ = 180'’ - 5 = 180° - (-C 


= 270° -90° 


®LHCP “ jy) • 
r 


(5^ = 180° - 5 = 90°) 


H • 6 ^ 


RHCP ■ ^ • (x - jy)* 

/■' % V 

“ (x + y) • (x + jy) 

= 1 + j 


^LHCP ■ ^ * ®LHCP * 1 y) • (x + jy)* 

" ' ■■ ■' '-X'" ' 

' ; ;';; :\= i;- j-:v 

Therefore leads by 90° which agrees with the previous 
analysis.: 


IB. 5 Another Method 
Define a new comp I ex vector formulation 










i 

> 


1 


■[' r I r'-i'-i ■r“l r 


^ Ti: -f [ T 

* i *tl t V ; 1 


- 180 - 




V = CE . e, (A- 27)' 

with no complex conjugate. This formulation still requires the 

I. ' • 1 J 

coordinate transformation but it eliminates the need to reference afT 
phase values to a point at the antenna feed. 

Consider the coordinate system of the incoming wave and the 
antenna as shown in Figure A-7. The coordinate tfahsformation in the 
xy plane of the field components is as before 




I 


.! ! 1 



y^ = y (a-28) 

whjare unsubscripted variables represent the antennna state on 
transmitting and the subscript r represents the antenna state on 
receiving. 

The phasor fields in the transmitting antenna coordinate system 
are shown in Fijgure A-8a. The relative phase between the two 
components is 5 . The phasor fields in the transformed coordinate 
system are shown in Figure A-8b where the minus sign on the x- 

I 

component has resulted in a 180° phase reversal on the x-directed 
field. The relative phase between the two components 'is o^. It is 
seen from this that the coordinate transformation has resulted in 

6^ = 6 ±180° . ': V '. ’ ' (A-29) 

As before y„ = y. Substituting these values for 5^ and y^ into 

r . . / : r T ■ ./ 

the relations for e and t results in: 










'f :5 
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» ^ $in-Usin 2 y^ sin $^) 

* |- sin"i(sin 2 y sin{6 ± 180°)) 

^ J . . ■ , ; ' ■ ■■•: ' 

= ^ $in"i(sin 2 y (-sin &)) 

- - ^ s in" 1 ( s in 2 y sin s ) 


= 1 tan- 1 ( tan 2 y^, cos 5 ^) 

= i tan" i( tan 2 y cos (3 + 180°)) 


(A-30) 


* ^ tan"i(tan 2 y (-cos s)) 


» - j tan" U tan 2 y cos s) 


(A-31 ) 


Therefore, to use the formulation proposed here the following 
coordinate transformation is required. 


-X 

= y 


(A-32) 


Tp ““ 180 ® t 


6p e 


(A-33) 
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or 


- S ±180® 
r 

Y = Y . 
r 


(A-34) 


Apparently Kales [3,29] originated the complex vector formulation 

! 

for use with elliptically polarized waves and upon close inspection of 
his work it appears that he proposed the formulation without the 
conjugate. Kales gives 

V = k E . p* (A-35) 


where 

E is the complex vector representation of the incoming wave 


and 

p is the complex vector representation of the "antenna 
state" . 

As it turns out, p is defined to be proportional to g* where g is 
the polarization vector of the transmitting antenna state. A double 
conjugation is "hidden" tn the definitions he proposes. Kales makes 
no direct mention of coordinate transformations. 


18.6 Summary 

The following forms are valid with their corresponding coordi- 




nate transformations: 



- 185 - 


7 « CE • e * . 


coordinate transformation; 


6^ = 180* - 6 
r 

Y a Y 

r 


(A-36) 


(A-37) 


= 180* - T 


(A-38) 


V » CE . e, , 
®r 


coordinate transformation: 


(A-39) 


- -X 

r 


• y 


(A-40) 


- 6 +180* 
Y « Y 

r 


(A-41) 


- - E 

* 180* - T . 
r 


(A-42) 



APPENDIX 2 

MATHEMATICAL ANALYSIS OF LIMIT OF 
CROSSPOLARIZED PHASE AT ZERO RAIN RATE 

Consider the phasors and which represent the propagation 

properties of a rain-filled mediiin. 

-(ov + jsjL 
di = e ' ' 

-(02 + jtso)!- 

^2 " ® • (A-43) 

Expanding the complex exponentials 
-a^L 

d^ = e (cos fj-jL - j sin ti-jL) 

d 2 = e ^ (cos g 2 L - j sin . (A-44) 

i ; . 

As‘ art aid to visualization consider now the equivalent vectors d| and 
"2 

d-| = e (cos i,i|L X - sin i>-]L y) 

2 ^ = g""2^(cos 1 S 2 L X - sin (SoL y) . (A-45) 

The vector d^ and the path it follows with varying rain rate are 
shown in Figure A-9. This path may be determined by calculating the 
unit tangent vector at all points along the path 

^1 ds ‘^"l "" ^d^ ^1 ^ (A-46) 

. . i 

where the variable RR repre$ents rain rate, In this analysis only 



path 


Figure A-9. The vector d| and the path It 

folTows with changing rain rate. 





the direction of the tangent is of concern. Therefore 



(A-47) 


Recalling that both and are functions of rain rate 

^ 

-o,L . « 

* -L e -g^ {a^} (cos 3^L X - sin g.^L y) 

^ "■ d 

- e (sin s-|L X + cos e^L y) L {e^} . 

Now, since a(0) = 0 and e(0) =0 

RR^ “ TO dfe ^ * 


(A-48) 


(A-49) 


Similarly 

RR^ ^2 * TO ^“2^ ^ TO ^®2^ ^ 

The angle at which the vectors approach the x-axis depends on 
the ratios 

dS-iy ^®2/ 

•'dRR "^'dRR 

-T and *3 

do , , do2/ 

•'dRR ^MRR 

For very low rain rates these ratios are nearly equal and it can be 
assumed that d^ and d 2 approach the x-axis along the same path. 
Therefore the angle of the difference vector d^ - dg must be equal to 
the path angle as illustrated in Figure A-10. Therefore 










I, I 
v*«» 

angle of path 

angle of difference vector 


Figure A-10. The angle of d-| - d^ at very 
low rain rates is nearly -90®. 




RR^ PhaseCd^ - dg) = -90* - tan-‘ { 




dd. 


1 / 


dRR 


d$ 


= -90* - tan-^ { 


2/ 


dRR 


da. 


2/ 


} . 
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dRR 


Published [5] attenuation and phase data indicates that the inverse 
tangent term is small. Therefore 


Rr !>0 ' 


{A-5i 


^'HKIINAL PAOtK 

QrALIYY 




